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INTRODUCTION 


The  EO&G  Tactical  Rutidium  Frequency  Standard  (TRFS)  is  a  hinh 
Derfornance  atomic  frequency  source  capable  of  operation  in  a  rugged 
tactical  environment.  This  final  Technical  Report  describes  the  EG&G 
TRFS  design  and  its  qualification. 

The  current  EG&G  TRFS  program  began  in  November,  1983  to  design, 

develop,  fabricate,  test  and  evaluate  two  full  scale  engineering  models 

of  a  Tactical  Rubidium  Frequency  Standard. This  program  followed  previc 

{ 2 ) 

work  during  1982  involving  basic  TRFS  develooment.  The  TRFS  require¬ 
ments  were  given  in  a  RAOC  specification  dated  10  December  1982  based  on 
Rev.  B  of  Hazeltine  Specification  332819  for  their  USAF  SEEK-TALK  pro¬ 
gram.  After  lengthy  discussions  starting  in  January  1984,  the  TRFS  re- 
Quirements  were  officially  changed  to  a  modified  version  of  Rev.  D  of  the 
Hazeltine  specification  in  October,  1985.  During  this  period  the 
Hazeltine  USAF  program  became  HAVE-CLEAR  and  then  EJS.  A  final  contract 
modification  in  June,  1986  imposed  Rev.  E  of  the  Hazeltine  specification, 
including  soecific  locations  for  the  output  and  power  connectors.  These 
final  specifications  are  included  as  Appendix  A  to  this  report. 

The  main  technical  challenge  for  the  TRFS  was  to  extend  the  opera¬ 
tional  capabilities  of  a  rubidium  frequency  standard  to  demanding  tacti¬ 
cal  aircraft  environments,  ^n  particular,  improvements  were  required 
in  size,  warmup  time,  upper  temperature  limit  and  performance  under 
vibration. 

All  these  objectives  were  met.  The  size  reoui rement  was  met  with 
a  ultra-miniature  Rb  physics  package  and  efficient  electronics,  without 
the  use  of  hybrid  microcircuits.  Very  fast  warmup  was  obtained  with 


1.  Hanscom  AFB  Contract  No.  F19628-83-C-0175 

2.  Hanscom  AFB  Contract  No.  FI 9G28-82-C-0055 


relatively  low  demand  power  because  of  lew  :-;ass  and  relativel/  cool  over- , 
and  V'ithout  compromisinq  endurance.  The  Miner  oneratino  tempera ture  li"i' 
was  extended  by  the  use  of  active  thermoelectric  coolinq  without  deqradin" 
stability.  Performance  objectives  under  vibration  were  met  with  a  low 
q-sensitivity  crystal  oscillator  tightly  locked  to  a  ruqaed  Rb  reference. 

A  photograph  and  outline  drawing  of  the  EG&G  TRFS  developed  under 
this  Droqram  are  shown  in  Figure  1.1  and  1.2  respectively.  Condensed 
specifications  are  shown  in  Table  1.1. 

Overall,  this  program  has  fully  met  its  goal  to  make  available  a 
tactical  rubidium  requency  standard  for  advanced  tactical  avionic  systems. 
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2.  TECHNICAL  COMPLIANCE 


The  E6&G  TRFS  design  is  fully  compliant  with  the  requirements  of 
Rev.  E  of  its  specifications  (see  Appendix  A),  as  verified  by  the  results 
of  the  qualification  tests  described  in  Section  7  of  this  report.  A 
summary  of  the  qualification  test  compliance  is  shown  in  Table  7.0.  With 
only  minor  exceptions  correctable  in  subsequent  hardware,  all  requirements 
are  met.  In  several  importa/it  respects,  the  requirements  are  exceeded. 

In  particular  the  unit  needs  considerably  less  than  the  allowable  warmup 
and  steady-state  power  and  is  capable  of  ful 1 -performance  operation  at  a 
higher  than  specified  baseplate  temperature. 


3.  DESIGN  DESCRIPTION 


The  following  report  sections  describe  the  general  design  of  the 
EG&G  TRFS.  These  descriptions  are  organised  in  accordance  with  the  TRFS 
Functional  Block  Diagram  of  Figure  3.1. 

The  rubidium  frequency  standard  is  basically  a  crystal  oscillator 
that  is  locked  to  a  Rb  atomic  reference.  The  TRFS  has  oarticular  design 
features  that  allow  it  to  operate  in  a  tactical  military  environment. 

Those  features  are  discussed  in  more  detail  in  Section  4  of  this  report. 

3.1  Functional  Block  Diagram.  A  functional  block  diagram  of  the  EG&G 
TRFS  is  shown  in  Figure  3.1.  This  configuration  combines  high  oerform- 
ance,  simplicity,  and  manufacturability.  The  major  sections  are; 

1.  A  physics  package  section  which  acts  as  a  frequency  discriminator 
to  produce  an  error  signal  which  indicates  the  magnitude  and 
sense  of  the  difference  in  frequency  between  the  applied  rf  ex¬ 
citation  and  the  rubidium  atomic  resonance. 

2.  A  VCXO  section  which  contains  a  10  MHz  voltage  controlled  crystal 
oscillator  (VCXO). 

3.  An  RF  section  which  contains  a  synthesizer  to  excite  the  rubidium 
resonance  and  circuits  to  produce  the  10  MHz  TRFS  output. 

4.  A  servo  amplifier  section  which  processes  the  Rb  error  signal  to 
produce  a  control  voltage  for  the  10  MHz  VCXO. 

5.  A  power  section  which  provides  "suoply"  voltages  to  the  circuitry 
and  has  temperature  controllers  for  the  two  Dhvsics  package  ovens, 
and  a  thermoelectric  controller  to  extend  the  upper  temperature 
range . 

The  electronic  block  diagram  has  a  single  frequency  lock  loop  that 
contains  a  phase-locked  loop  synthesizer  as  a  subloop.  A  particularly 
simple  rf  chain  is  used  that  has  no  critical  tuned  circuits.  The  servo 
amplifier  is  a  low-complexity  cascade  detector  configuration  and  the  power 


supply  and  temperature  controller  sections  use  efficient  high  frequency 
switching  techniques.  Monitors  are  provided  for  built-in  test  (BIT)  and 
the  10-MHz  yCXO  control  voltage. 

3.2  Physical  Layout.  Physically,  the  TRFS  consists  of  a  physics  package 
assembly  and  three  main  rf,  servo  and  power  electronic  boards  inside  a 
3’i"  square  by  4'p”  enclosure  as  shown  in  Figure  3.2. 

The  physics  package  assembly  is  at  the  center  and  is  comprised  of 
the  following  major  elements  (see  Figures  3, 3. 1.1  and  3. 3. 1.2); 

1.  lamp  exciter 

2.  lamp  oven 

3.  microwave  cavity 

4.  photodetector 

5.  10  MHz  crystal  oscillator 

6.  double  magnetic  shields 

The  lamp  oven  contains  the  rubidium  lamp.  The  microwave  cavity  con¬ 
tains  the  filter  and  absorption  cells  and  a  microwave  multiplier. 

The  cylindrical  magnetic  shield  of  the  physics  package  is  supported 
within  another  (square)  magnetic  shield  by  resilient  mounts.  The  elastic 
center  of  the  mounts  and  the  center  of  mass  of  the  physics  package  are 
aligned  so  as  not  to  excite  rocking  vibrational  modes.  These  mounts  are 
important  to  the  thermal  performance  of  the  TRFS  as  well  as  to  its  behavior 
under  shock  and  vibration.  They  are  made  of  silicone  rubber  chosen  for  low 
temperature  flexibilitv,  resistance  to  heat  aging  and  high  damping.  The 
spacing  between  the  shields  also  determines  the  magnetic  shielding  factor. 

A  thermoelectric  cooling  assembly  is  located  between  the  physics 
package  and  the  baseplate.  It  consists  of  four  thermoelectric  cooling 
modules  and  tne  thermoelectric  controller  board.  The  square  magnetic 
shield  is  mounted  on  these  thermoelectric  modules  to  allow  high  baseplate 
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temperature  operation.  The  modules  are  located  at  the  resilient  mounts 
to  provide  mechanical  support  and  to  reduce  temperature  gradients.  The 
shield  is  surrounded  by  thermal  insulation  to  reduce  the  heat  load  that 
must  be  pumped.  The  heat  load  on  each  module  is  low  to  reduce  temperature 
drops  across  joints  and  to  achieve  a  high  coefficient  of  performance. 

The  main  rf,  servo  and  power  boards  are  located  on  the  remaining  three 
sides  of  the  physics  package.  The  servo  board,  which  has  very  low  oower 
dissipation,  is  located  at  the  top.  The  r^  and  power  boards  are  located 
on  the  sides.  These  three  boards  are  attached  to  the  main  structure  and 
each  other  for  support  especially  to  limit  flexure  during  vibration. 

A  smaller  board  at  the  front  holds  the  input  power  filters  and  one  at 
the  bottom  holds  the  thermoelectric  controller  circuit.  These  boards, 
which  are  mounted  to  the  main  structure,  contain  most  of  the  components 
that  are  relatively  massive  or  have  high  heat  dissipation  and  therefore 
have  suitable  heat  sinking  and  support.  Printed  circuit  boards  are  con¬ 
formally  coated  to  orevent  degradation  due  to  surface  contamination,  to 
increase  heat  conduction,  to  give  support  for  components  and  leads  and  to 
increase  board  damping.  Precautions  are  taken  to  protect  fragile  compo¬ 
nents  and  avoid  thermal  stresses  due  to  entrapment  of  coating  under  com¬ 
ponents  . 

Special  attention  has  been  given  to  the  details  of  design  and  con¬ 
struction  and  the  selection  of  materials  in  order  to  meet  the  stringent 
environmental  conditions,  especially  tempei^ature  and  vibration.  Soft  solder 
joints  alone  are  not  used  for  structural  loads  except  for  mounting  very 
lightweight  components.  Component  leads  have  strain  relief  and  threaded 
fasteners  have  locking  features.  Stranded  hook-up  wire  is  used  for  its 
greater  vibration  resistance  and  lower  sensitivity  to  nicks.  Wires  are 
laced  and  cables  clamped  for  support.  Electrical  insulation  is  protected 
from  sharp  corners  and  edges  which  could  cut,  abrade  or  cause  flow  of  the 
insulator. 

Overall,  this  arrangement  provides  a  logical,  modular  and  accessible 
package.  It  is  fully  compliant  with  Revision  E  of  the  TRFS  specifications 


Figure  3.2.  TRFS  Packaging 


as  described  in  paragraph  3.2.2  and  Figure  2  of  Appendix  A  and  in  the  out¬ 
line  drawing  of  Figure  1.2  of  this  report. 

3.3  Physics  Package  Section.  The  physics  package  section  of  the  TRFS  in¬ 
cludes,  besides  the  Rb  ohysics  package  itself,  the  associated  lano  exciter, 
microwave  multiplier  and  preamplifier  circuits. 

3.3.1  Physics  Package.  The  heart  of  the  TRFS  is  the  physics  packaqe.  It 
combines  good  performance  with  ul tra-miniature  size  by  using  a  dielectri¬ 
cally  loaded  cavity  that  contains  separate  filter  and  absorption  cells. 

The  basic  physics  nackage  structure  is  shown  in  Figure  3.3. 1.1,  and  the 
various  elements  of  the  physics  package  are  shown  in  Figure  3.3. 1.2. 

fliniaturization  of  the  lamp  assembly  was  accomplished  by  using  a  very 
small  rubidium  lamp  excited  by  an  rf  power  oscillator  built  into  the  lame 
oven.  This  gives  excellent  lamp  starting  and  running,  good  rf  shielding, 
temperature  control  of  the  lamp  exciter,  and  high  thermal  efficiency  since 
the  exciter  dissipation  helps  to  heat  the  lamp  oven.  The  lamp  oven  oper¬ 
ates  at  a  temperature  of  about  +115°C. 

Miniaturization  of  the  TElIl  microwave  cavity  was  obtained,  para¬ 
doxically,  by  Putting  more  into  it;  specifically,  by  locating  a  filter 
cell  inside  the  cavity.  This  discrete  filter  cell  improves  performance 
by  allowing  independent  nulling  of  the  light  shift.  This  gives  good  spa¬ 
tial  homogeneity  in  the  absorption  cell  and  results  in  a  low  rf  power  co¬ 
efficient.  Locating  the  filter  cell  inside  the  cavity  allows  cancellation 
of  the  filter  cell  temperature  coefficient  by  that  of  the  absorption  cell. 
Both  the  lamp  and  cavity  ov^nc,  have  a  nominally  zero  temperature  coef¬ 
ficient.  The  resulting  increase  in  the  amount  of  the  glass  dielectric  in 
the  cavity  also  reduces  its  size.  A  further  advantage  is  that  the  filter 
and  absorption  cells  become  physically  shorter,  which  is  desirable  for  opti¬ 
mum  signal  at  a  high  operating  temperature.  The  cavity  also  contains  a 
steo-recoverv  diode  microwave  multiplier.  The  cavity  oven  operates  at  a 
temperature  of  about  +75°C. 

The  ohysics  package  includes  two  lenses  in  the  optical  oath.  The 
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first,  located  in  front  of  the  absorptior.  rell,  collimates  the  lamp  out¬ 
put  to  give  a  uniform  light  intensity  di sfioution .  The  second  lens,  lo¬ 
cated  behind  the  absorption  cell,  focuses  tr.e  light  on  the  ohotodetector 
to  aive  good  collection  efficiency.  The  ohotodetector  is  a  custom  EG^G 
device  naving  low  noise  and  high  radiation  hardness. 

The  C-field  coil  is  wound  in  two  sections  to  provide  good  C-field  uni¬ 
formity,  which  helps  to  ensure  line  homogeneity  and  minimizes  rf  power  sen¬ 
sitivity. 

A  non-metal  lie  soacer  rigidly  connects  the  lamp  and  cavity  ovens  for 
ruggedness  and  low  vibration  sensitivity  with  low  heat  transfer  between 
the  ovens.  The  physics  package  is  double-shielded  for  lov,  ''-agnetic  sen¬ 
sitivity  and  is  supported  by  silicone  rubber  mounts  that  provide  shock  and 
vibration  isolation. 

3.3.2  Lamp  Exciter.  The  rubidium  lamo  is  excited  with  an  rf  power  of 
about  0.5  watt  at  105  MHz.  This  energy  is  applied  to  the  lamp  by  oper¬ 
ating  it  inside  the  field  of  an  rf  coil  which  excites  optical  emissions  fro" 
an  ionized  plasma.  The  lamp  provides  the  Pb  resonance  radiation  required 
•"'or  optical  pumping. 

fre  lamp  exciter  circuit  (see  Figure  3.3.2)  is  a  Colpitts  rf  power 
oscillator  whose  frequency  is  determined  primarily  by  the  series  tuned 
Ll-Cl  " coil  network.  The  circuit  is  packaged  as  part  of  the  lamp  as¬ 
sembly  in  the  Physics  package  and  operates  from  the  -15  V  suODly.  This 
psserbl  provides  a  compact,  wel  1 -shiel  ded .  and  temnerature-control  lea  er- 
v  i  ■'onment . 

Lamp  exciter  operation  is  stabilized  py  a  current  '"eaulator  circuit 
located  on  the  preamplifier  board.  That  circuit  controls  tne  lamp  ex¬ 
citer  dc  bias,  boosting  the  exciter  outpu*  for  lamp  slartina  and  stabili¬ 
zing  it  during  normal  operation. 

3.3.3  Microwave  ’lul ti r 1 i er .  The  step-recovery  diode  (SPD)  "'crowave 
multiplier  is  incorporated  into  the  temperature-contre 1 1 ed  cavity.  Its 


design  is  both  simple  and  efficient  since  it  works  ss  a  straight  X76 
"voltiplier  (see  Figure  3.3.3).  It  is  driven  by  a  +20  dBm  signal  at  about 
90  MHz  and  produces  about  100  uW  at  the  rubidium  resonance  frequency  of 
aoprcximately  6835  MHz. 

3.3.4  Preampl if ier.  The  preamplifier  circuit  is  on  a  small  board  located 
between  the  magnetic  shield  covers  at  the  photodetector  end  of  the  physics 
package.  It  converts  the  photodetector  current  to  a  voltaoe  which  drives 
the  servo-amplifier.  The  preamplifier  board  also  contains  the  lamp  ex¬ 
citer  current  regulator  circuit.  These  circuits  are  shown  in  Figure  3.3.4. 

The  preamplifier  circuit  has  a  dc  transresistance  of  200  K:.,  so  a 
nominal  25  uA  dc  photodetector  current  produces  a  5  V  dc  output  which 
serves  to  monitor  the  rubidium  lamp.  The  rreamplifier  has  an  ac  trans¬ 
impedance  of  a  5  M.P  which  is  broadly  pealed  at  the  servo-modulation  fre¬ 
quency  Of  about  800  Hz.  The  normal  second  harmonic  recovered  signal  is 
about  50  mV  rms  at  the  preamplifier  output. 

The  current  regulator  circuit  stabilizes  the  lamp  exciter  dc  cur¬ 
rent  at  100  mA  under  normal  operation,  and  at  200  mA  for  starting  by  sensing 
the  voltage  drop  across  Rll  in  the  dc  return  lead. 

3.4  10  MHz  VCXO  Section.  The  10  MHz  VCXO  is  located  inside  the  physics 
package  assembly.  It  consists  of  a  vol taae-control 1 ed  crystal  oscillator 
(VCXO)  that  is  locked  by  the  servo-amplifier  to  the  rubidium  resonance 
frequency  and  produces  the  output  signal  from  the  TRFS.  The  VCXO  uses  a 
10  MHz  3rd  overtone  mode  SC-cut  crystal  in  e  TO-8  nonmagnetic  enclosure. 

This  crystal  type  is  chosen  for  its  small  size,  ruggedness,  fast  warni-u[  , 
and  low  vibration  sensitivity.  It  is  mounted  on  the  ~1.25  inch  diameter 
VCXO  board  that  is  attached  to  the  photodetector  end  of  the  cicrowave  cavi¬ 
ty  and  thereby  shares  the  75^C  stabilized  thermal  environment  of  the  cavi¬ 
ty  oven. 

The  10  MHz  VCXO  circuit  is  shown  in  the  schematic  diannan  of  Figure  3.4 
It  consists  of  a  Colpitts  oscillator  circuit,  a  common-base  tuned  buffer 
amplifier,  and  an  ALC  detector/amplifier.  A  transistor  arrav  is  used  for 
all  the  active  devices.  The  oscillator  and  buffer  stages  'horm  a  cascade 
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configuration.  The  crystal  network  is  conventional  except  for  the  L1-C6 
branch,  which  suppresses  the  unwanted  "B"-'’iode  oscillation  about  11  MHz. 

A  varactor  diode  is  used  to  provide  voltage  control  of  the  oscillator  fre¬ 
quency  and  has  a  tuning  range  of  about  5  por,  sufficient  to  correct  for 
VCXO  drift  for  the  life  of  the  TRFS  (see  Section  4.5).  The  ALC  transistor 
detects  the  VCXO  output  signal  and  adjusts  the  dc  bias  applied  to  the  os¬ 
cillator  stage  so  as  to  maintain  a  constant  output  level. 

3.5  RF  Section.  The  rf  section  of  the  TRFS  consists  of  the  synthesizer 
and  amplifier  circuits  on  the  rf  board  that  process  the  10  MHz  VCXO  signal 
to  excite  the  physics  package  and  produce  the  TRFS  output. 

A  block  diagram  of  the  synthesizer  is  shown  in  Figure  3.5.1.  The 
10  MHz  VCXO  frequency  is  multiplied  by  a  factor  of  76(9-1/143)  to  the  Rb 
hyperfine  resonant  frequency  of  6834.685316  MHz.  Synthesis  of  10(9-1/143) 
=  89.93007  MHz  is  accomplished  by  a  phase-locked  crystal  oscillator  which 
drives  the  x76  SRD  microwave  multiplier  in  the  Rb  physics  package. 

The  rf  board  circuits  are  shown  in  Figure  3.5.2.  The  output  from  the 
10  MHz  VCXO  is  converted  to  a  TTL  signal  that  drives  the  synthesizer  and 
TRFS  output  amplifier.  A  portion  of  the  -90  MHz  crystal  oscillator  output 
after  amplification,  is  applied  to  a  harmonic  mixer  whose  other  input  is  a 
10  PIHz  TTL  signal.  The  mixer  produces  an  output  at  the  70  kHz  difference 
between  the  ninth  harmonic  of  10  MHz  and  the  -90  MHz  crystal  oscillator  fn 
quency.  This  signal  is  band-pass  filtered  and  drives  an  exclusive-OR  C’-'OS 
phase  detector  via  a  comparator.  The  other  input  of  the  phase  detector  is 
driven  via  a  level  translator  from  the  -70  kHz  reference  sinra]  which  is 
obtained  from  the  10  MHz  TTL  signal  after  division  by  143. 

The  phase  detector  output  is  low-nass  filtered  and  integrated  and  ap¬ 
plied  as  the  crystal  oscillator  control  voltage.  The  overall  conf i qurat io: 
is  that  of  phaselock  loop  and  it  avoids  the  bulky  and  critical  tuned  cir¬ 
cuits  of  a  conventional  svnthesizer-multipl ier.  Wide  loon  bandwidth 
(  5  kHz)  is  obtained  bv  using  translation  rather  than  division  inside  the 
loop.  This  also  results  in  low  phase  noise  since  the  loop  is  essentially 
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an  X9  multiplier  and  no  significant  noise  is  contributed  by  the  -70  kHz 
reference.  Wide  loop  bandwidth  is  necessary  to  avoid  vibrational  noise  and 
to  permit  the  applica^'ion  of  servo  modulation. 


3.6  Servo  Section.  The  servo  section  of  the  TRFS  consists  ot  the  servo- 
amplitier  board  which  processes  the  Rb  discriminator  signal. 

The  TRFS  servo-amplifier  uses  a  cascaded  detector  arrangement  wherein 
the  fundamental  error  signal  passes  through  the  second  harmonic  detector 
before  reaching  the  fundamental  detector,  as  shown  in  the  block  diagram  of 
Figure  3.6.1.  This  has  the  advantage  of  requiring  less  hardware.  The  op 
amp  associated  with  the  second  harmonic  detector  also  provides  gain  for  tne 
fundamental  signal.  The  large  amplitude  second  harmonic  signal  is  shifted 
to  the  fourth  harmonic  ahead  of  the  fundamental  detector,  making  it  pos¬ 
sible  to  obtain  sufficient  dynamic  range  without  a  bulky  and  critical 
notch  filter. 

The  two  detectors  are  driven  by  reference  signals  generated  by  the 
modulation  rate  generator  and  detector  logic,  which  also  provides  a  modu¬ 
lation  signal  to  the  rf  board. 

The  second  harmonic  detector  dc  outout  drives  a  comparator  that  indi¬ 
cates  lock  of  the  Rb  servo.  The  lock  signal  is  combined  with  a  level 
detector  at  the  10  MHz  TRFS  output  to  forn.  the  bui 1 t- i n-test  (BIT)  signal. 

A  sweep  circuit  is  used  to  insure  lock  acquisition. 

The  circuits  of  the  servo-amplifier  are  shown  in  the  schematic  dia¬ 
gram  of  Figure  3.6.2. 

3.7  Power  Section.  The  TRFS  power  section  consists  of  the  power  and 
thermoelectric  controller  boards  and  the  dc  input  filters. 

3.7.1  Power  Board.  The  TRFS  power  board  contains  three  circuits,  a  power 
supply  and  two  temperature  controllers.  The  power  supply  dc/dc  converter 
produces  outputs  of  +6  V  and  +16V  from  the  +26  V  dc  electronic  power  input. 
The  +6  V  output  is  regulated  to  +5  V  and  supplies  the  digital  circuits. 
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The  +16  V  outputs  supply  the  analog  circuits  via  the  V  regulators. 

Each  of  these  three  outputs  has  a  load  current  of  about  100  '’.A.  The  two 
temperature  controllers  use  the  +28  V  dc  heater  power  inpui;  to  maintain 
the  lamp  and  cavity  ovens  at  their  proper  oporatinq  temperatures  of  about 
+115°C  and  +75°C,  respectively.  The  temperature  controllers  also  contain 
boost  circuits  for  fast  warmup  (see  Section  4.6).  Each  of  the  three  ef¬ 
ficient  switching  power  circuits  operates  at  about  50  kHz  and  uses  an  IC 
controller  device.  The  dc/dc  converter  is  a  flyback  configuration  while 
the  two  temperature  controllers  are  or  the  series  switching  tyoe. 

The  power  board  circuit  diagram  is  shown  in  Fiaure  3.7.1. 

All  these  power  circuits  (and  those  for  the  thermoel e  ,tr ic  cooling 
controller  described  in  the  next  section)  are  designed  to  withstand  the 
transient  requirements  of  flIL-STD-704  Category  B  and  ’-'11-570-1275  as 
soecified  for  the  T8FS  (see  sections  3.7.3  and  4.3), 

3.7.2  Thermoelectric  Controller.  The  thc'+oelectric  controller  board 
holds  a  switching  power  supply  that  generates  and  controls  the  oower  to  the 
thermoelectric  cooling  modules.  This  circuit  senses  the  baseplate  tem¬ 
perature  and  operates  to  cool  the  physics  package  as  necessary  to  extend 
its  uDper  operating  temperature  limit.  The  thermoelectric  controller 
circuit  diagram  is  shown  in  Figure  3.7.2.  -(See  section  4.1  for  a  more 
complete  descriotion  of  the  TRFS  thermoele  itric  coo'' inn  features.) 

3.7.3  Input  Filter.  The  TRFS  heater  and  '..■lectronic  dc  irs-ut  uower  lines 
are  filtered  by  the  inout  filter  board  shown  in  Figure  3.7.3.  These  cir¬ 
cuits  provide  transient  protection  and  EMI  +iltration  as  descrioed  in 
Section  4.3. 

3.8  Interconnections .  The  interconnectir'ns  between  t'w-’  various  TRFS  sub- 
assemblies  are  shown  in  Figure  3.8. 
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4.  DESIGN  FEATURES 

The  EG&G  TRFS  contains  a  number  of  unique  design  features  that  combine 
to  give  it  exceptional  performance  in  a  tactical  environment.  These  fea¬ 
tures  are  described  in  the  following  report  sections.  In  addition,  the 
TRFS  has  a  number  of  features  in  common  with  other  EG&G  militarized 
rubidium  frequency  standards.  These  standard  features  are  as  follows; 

1.  Ultraminiature  physics  package  with  discrete  filter  cell. 

2.  High  reliability  rubidium  lamp  with  calorimetric  fill  control. 

3.  Low  noise  custom  photodetector. 

4.  Current  regulated  lamp  exciter  contained  within  lamo  oven  assembly. 

5.  VCXO  within  physics  package  assembly. 

6.  High  efficiency  switching  power  circuits. 

7.  PLL  synthesis  of  direct  submultiple. 

3.  High  frequency  squarewave  phase  modulation. 

9.  Wide  servo  bandwidth. 

4.1  Thermoelectric  Cooling.  A  particular  feature  of  the  EG&G  TRFS  design 
is  the  use  of  thermoelectric  cooling  of  the  physics  package  to  meet  the 
30°C  maximum  baseplate  temperature  without  compromising  the  stability  of 
the  rubidium  reference  signal.  The  following  discussion  provides  the 
rationale  for  this  approach. 

To  achieve  operation  at  maximum  baseplate  temoerature  of  30°C,  one 
would  normally  require  that  the  physics  package  and,  in  particular,  the 
cavity  containing  both  filter  and  absorption  cells,  operate  no  cooler  than 
90°  -  95°C.  This  is  to  allow  for  a  nominal  temperature  rise  from 
baseplate  to  cavity  and  still  provide  a  small  regulation  range  for  the 
cavity  oven  controller.  There  is  also  a  tradeoff  between  cavity  to 
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baseplate  temperature  differential  at  high  baseplate  temperature  and  the 
power  required  at  low  baseplate  temperatures. 

That  cavity  temperature  is  considerably  higher  than  the  75°C  value 
at  which  optimal  signal  parameters  are  obtained  for  the  small  physics 
package.  The  changes  necessary  to  optimize  operation  at  the  higher  tem¬ 
peratures  would  result  in  increased  line  width  due  to  increased  relaxation 
rates  due  to  spin  exchange  collisions  and  would  require  greater  light  in¬ 
tensity  to  maintain  signal.  The  latter  will  further  increase  line  width 
and  unduly  increase  the  filter  cell  temperature  coefficient.  It  is  esti¬ 
mated  that  the  line  width  would  be  increased  by  50  from  about  800  to 
1200  Hz  with  an  attendant  reduction  in  line  Q  and  discriminator  slope. 

A  further  disadvantage  of  higher  cell  temperatures  is  the  potential 
for  Rb  reactions  with  the  component  of  the  buffer  gai  or  Rb  loss  due 
to  diffusion  through  the  glass.  Buffer  gas  reactions  would  result  in  ex¬ 
cessive  frequency  drift.  Rb  loss  would  require  excessive  initial  fills 
leading  to  vibration  problems  as  excessive  Rb  "splatters"  about  the  cell 
in  vibration  and  shock  environments. 

There  are  two  approaches  to  circumvent  some  or  all  of  these  proble-’-s 
associated  with  80°  baseplate  temperatures.  The  first  makes  use  of  Raoult's 
law  depression  of  the  rubidium  vapor  pressure  by  using  a  solution  of  ru¬ 
bidium  and  potassium.  A  three-to-one  molar  ratio  of  K  to  Rb  would  depress 
the  Rb  vapor  pressure  roughly  a  factor  of  three.  With  this  approach, 
the  cell  running  at  90°C  would  have  an  Rb  vaoor  pressure  equivalent  to 
75°C.  This  would  alleviate  some  of  the  signal  problems,  but  would  leave 
several  high  risk  unknowns  and  disadvantages .  Among  these  are  uncertainties 
regarding  cell  processing,  long  term  stability,  vibrational  Rb  splattering 
and  longer  warmup  time. 

The  second  approach  to  alleviating  the  high  baseplate  temperature 
problem  is  to  employ  thermoelectric  cooling  at  the  upper  baseplate  tem¬ 
peratures.  This  is  the  more  favored  approach  as  it  eliminates  all  the 
unknowns,  risks  and  di sadvantages  associated  with  high  temperature  operation 


of  the  physics  package.  This  approach  is  also  consistent  with  high  S/N 
ratio  for  good  short-term  stability  and  the  use  of  wide  servo  bandwidth 
for  vibration  immunity.  The  proven  cell  technology  and  low  operating 
temperature  made  feasible  by  thermoelectric  cooling  reduce  the  uncertain¬ 
ties  associated  with  long-term  stability  of  the  TRFS.  This  approach  also 
orovides  the  capability  for  operation  at  baseplate  temperatures  considerably 
higher  than  80°C. 

The  thermoelectric  cooling  has  been  implemented  at  the  physics  package 
(rather  than  cooling  the  entire  frequency  standard)  to  minimize  the  amount 
of  heat  which  must  be  pumped  and  the  required  thermoelectric  power.  Also, 
by  having  the  thermoelectrics  inside,  the  overall  dimensions  of  the  fre¬ 
quency  standard  are  not  affected. 

The  design  also  allows  internal  shock  and  vibration  isolation  of  the 
physics  package  and  crystal  oscillator,  as  shown  in  the  cross  sectional 
view  of  Figure  4.1.1. 

A  plot  of  the  required  thermoelectric  power  versus  baseplate  tem¬ 
perature  is  shown  in  Figure  4.1.2.  Only  about  21,  watts  is  required  at 
80°C.  Experiments  with  our  package  indicate  that  operation  to  +98°C 
baseplate  temperature  is  feasible  with  a  thermoelectric  cooling  power  of 
about  10  watts.  The  overall  power  at  this  very  high  temperature  is,  there¬ 
fore,  about  the  same  as  it  is  at  the  -55°C  end.  This  permits  operation  to 
the  full  MIL-E-5400  class  II  +95*^0  intermittent  conditions  should  that 
ever  be  required.  The  thermoelectric  cooling  also  allows  the  absorption 
cell  to  actually  operate  cooler,  thus  improving  the  stability,  speeding 
warmup  and  reducing  operating  oower. 

4.2  Performance  Under  Vibration.  One  of  the  most  important  challenges 
associated  with  the  TRFS  design  was  to  assure  that  the  unit  meets  the 
required  performance  under  exposure  to  vibration.  Besides  the  usual  me¬ 
chanical  packaging  constraints,  this  involves  maintaining  adecuate  fre¬ 
quency  stability,  timing  accuracy  and  spectral  purity. 
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Figure  4.1.2.  Thermoelectric  Cooling  Power 
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The  TRFS  is  required  to  maintain  the  signal -to-noi  se  oertormance  o''" 

paragraph  3.2. 1.7  of  Appendix  A  and  the  -h"  dB  non-hars<on ic  distortion 

level  of  paragraph  3. 2. 1.8  under  the  vibration  environments  of  paragran^ 

3. 2. 5. 3.  It  is  also  required  to  maintain  time  consistent  v.dth  a  f^'C- 

1 0 

quency  offset  of  5  x  10  under  the  performance  level  of  random  vibratic' 

of  paragraph  3. 2. 5. 3. 1.1  and  to  have  a  frequency  error  of  less  than 
-9 

1  X  10  under  the  sinusoidal  vibration  of  paragraph  3. 2. 5. 3. 2.  The  EG^G 
TRFS  design  meets  these  requirements  by  the  combination  of  a  vibration- 
immune  Rb  physics  package,  a  wide  servo  bandwidth  and  a  low  g  sensitivity 
quartz  crystal  oscillator. 

4.2.1  Basic  Considerations.  There  are  two  basic  ways  in  which  the  sta¬ 
bility  and  purity  of  a  rubidium  frequency  standard  are  affected  by  mechanical 
vibration : 


(1)  Direct  vibrational  modulation  of  the  crystal  oscillator  cutout. 

(2)  Indirect  disturbance  of  the  crystal  oscillator  via  the  servo  loop. 

The  first  mechanism,  because  of  correction  by  the  Rb  servo,  is  dominant  at 
vibration  frequencies  higher  than  the  servo  bandwidth,  while  the  second 
mechanism  is  dominant  at  vibration  frequencies  below  the  servo  bandwidt'-i. 
Both  mechanisms  can  be  important  at  vibration  frequencies  near  the  servo 
bandwidth . 

The  second  mechanism  can  be  divided  into  two  different  causes: 

(2a)  Spurious  recovered  signal  output  ^rom  the  "b  phy^^ics 
package  due  to  vibrational  modulation  of  ■  iio't. 

(2b)  Spectral  purity  impairment  of  t*'e  rf  excitation  to  the 
Rb  physics  package  due  to  vibrational  modulation  of  the 
crystal  oscillator. 

Effect  (1)  is  a  broadband  dynamic  ef'tect  that  does  not  c'oduce  a 
frecuency  offset.  Effects  (2a)  and  (b)  are  usually  narrowband  effents 
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at  the  fundamental  and  2nd  harmonic  of  the  servo  modulation  rate,  f 

and  2  respectively,  and  can  produce  a  frequency  offset.  Effect  (2b) 

can  also  cause  offsets  over  a  range  of  low  vibration  frequencies. 

These  effects  are  summarized  in  Table  4.2.1. 

4.2.2  VCXO  Effects.  Vibrational  modulation  of  the  10  MHz  VCXO  is  an 
important  factor  in  the  overall  performance  of  the  TRFS. 

The  resonance  frequency  of  a  quartz  crystal  is  acceleration  dependent 
This  sensitivity  causes  the  spectral  purity,  phase  jitter,  and  short-term 
stability  of  a  crystal  oscillator  to  be  degraded  by  exposure  to  vibration. 
Without  the  atomic  reference,  this  effect  extends  from  static  tipover 
throughout  the  range  of  vibration  frequencies,  and  is  dependent  on  crystal 
cut,  construction,  orientation,  and  structural  isolation.  Spurious  com- 
oonents  are  produced  at  +  f  at  a  level  (dBc)  of: 

—  VI  b 


.  •  f  •  G 
0 

2  •  f,,,.. 


=  20  log, 


and  frequency  stability  is  degraded  to: 

2 

sin  ( n  •  f  . , 

/  W  r  Vib 

where:  =  fractional  '■'requency 

acceleration  coefficient  (g'^) 

G  =  peak  acceleration 

applied  to  crystal  (q) 

■  =  averaging  time  (seconds) 


^  vibration  frequency  (Hzl 

N*  I  LJ 


f  ^  carrier  ‘requency  (Hz) 
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For  example,  for  a  crystal  having  a  y  =  1  x  10  /g  along  its  most 
sensitive  axis  and  directly  exposed  to  a  vibration  level  of  1  g  peak  at 
5  Hz,  the  spurious  level  would  be  -60  dBc  and  the  resulting  frequency 
stability  is  shown  in  Figure  4.2.1.*  The  average  frequency  is  not  af¬ 
fected  by  this  direct  modulation  of  the  crystal  oscillator. 

The  situation  is  improved  by  the  atomic  reference  to  the  extent  that 
there  is  sufficient  servo  bandwidth  to  reduce  the  disturbance,  provided 
that  the  atomic  reference  itself  is  not  sensitive  to  vibration.  The  EG&G 
TRFS  servo  bandwidth  is  about  100  Hz. 

This  allows  active  correction  of  the  crystal  oscillator  by  the  ru¬ 
bidium  reference  at  low  vibration  frequencies  that,  because  of  the  f’^ 
dependence  of  phase  noise  modulation,  are  the  most  critical.  (This  is 
also  the  region  of  vibration  frequencies  where  external  and  internal  vi¬ 
bration  isolation  is  not  feasible.) 

The  main  limitation  on  the  maximum  possible  servo  bandwidth  is  the 
servo  modulation  rate,  which  determines  the  rate  at  which  information  is 
obtained  from  the  physics  package.  The  modulation  rate  must  be  several 
times  higher  than  the  servo  bandwidth  for  reasons  of  servo  stability, 
phase  shift  and  ripple  filtration.  The  modulation  rate  is,  in  turn,  sub¬ 
ject  to  a  number  of  trade-offs  having  to  do  with  the  modulation  waveform, 
resonance  linewidth,  recovered  signal  amplitude,  and  phase  and  frequency 
offsets  introduced  by  modulation  distortion.  These  tradeoffs  have  been 
the  subject  of  extensive  investigations  at  EG&G  and  have  resulted  in  the 
choice  of  squarewave  phase  modulation.  This  approach  gives  optimum  re¬ 
covered  signal  at  high  modulation  rates  as  well  as  relative  immunity 
from  modulation  distortion  effects. 


*  This  expression  has  nulls  when  f^.j^-  f  equals  an  integer  since  the 
coherent  modulation  is  averaged  out.  The  envelope  falls  off  as  t 
and  has  a  maximum  value  of  3.5  x  10  at  f^^j^  •  t  0.5 
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The  wideband  servo  also  avoids  spectral  purity  impairment  of  the  rf 
excitation  to  the  Rb  physics  oackage  due  to  vibrational  modulation  of  the 
crystal  oscillator  at  low  vibration  frequencies.  Otherwise  a  considerable 
portion  of  the  microwave  carrier  power  could  be  transferred  into  large 
amplitude  vibrational  modulation  sidebands.  (These  sidebands  are  en¬ 
hanced  by  57  dB  by  multiplication  from  10  MHz  to  the  6835  MHz  rubidium 
resonance  frequency.)  It  is  even  possible  for  the  carrier  power  to  become 
zero  at  certain  modulation  indices  that  result  in  a  Bessel  null.  The 
servo  correction  of  the  crystal  oscillator  is  able  to  eliminate  this  problem 

Another  10  MHz  VCXO  effect  occurs  at  the  2nd  harmonic  of  the  servo 
modulation  rate,  where  servo  correction  is  not  possible.  Here  vibrational 
sidebands  on  the  microwave  excitation  interact  with  the  normal  servo  modu¬ 
lation  to  produce  a  spurious  fundamental  recovered  signal  that  can  cause 
a  frequency  offset.  This  effect  is  very  similar  to  that  of  even  order 
modulation  distortion  and  significant  frequency  offsets  are  possible. 

This  problem  is  solved  by  (1)  using  a  high  modulation  rate  so  that  its 
2nd  harmonic  is  high  enough  to  avoid  high  g  inputs  because  of  external  and 
internal  isolation  and  so  that  the  resulting  PM  index  is  lower;  and  (2) 
using  a  low  g-sensitivity  crystal. 

4.2.3  Physics  Package  Effects.  It  is  necessary  that  the  rubidium  physics 
package  be  sufficiently  free  of  vibration  susceptibility  that  it  can  serve 
as  an  adequate  reference  to  prooerly  correct  the  crystal  oscillator  within 
the  servo  bandwidth.  If  a  spurious  recovered  error  signal  is  produced, 
the  servo,  rather  than  correcting  the  crystal  oscillator  vibrational  modu¬ 
lation,  will  impair  the  stability  and  purity  of  the  output  signal. 

A  spurious  rubidium  reference  error  signal  can  be  produced  by  mechani¬ 
cal  deflection  of  the  physics  package  light  path.  This  is  particularly 
important  at  a  vibration  frequency  equal  to  the  servo  modulation  rate  (and 
perhaps  its  odd  harmonics)  since  the  spurious  recovered  signal  will  be 
processed  by  the  servo  amplifier  synchronous  detector  to  produce  frequency 
urror.  A  change  in  light  of  only  about  0.5  ppm  under  these  conditions 
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corresponds  to  frequency  error  of  1  x  10'  ,  so  extreme  rigidity  of  the 

physics  package  light  path  is  required.  Motion  of  the  entire  physics 
package  is  relatively  unimportant,  but  relative  motion  of  the  lamp'  and  photo¬ 
detector,  or  deflection  of  any  of  the  optical  components  (windov/s,  cells 
or  lenses)  is  very  critical.  In  the  EG&G  ultra-miniature  physics  package 
all  these  elements  are  bonded  into  the  lamp  and  cavity  ovens  and  the  ovens 
are  rigidly  connected  by  a  stiff  cylindrical  spacer.  (This  piece  must  have 
relatively  low  thermal  conductivity,  however,  since  the  two  ovens  are  at 
different  temperatures.  It  is  therefore  a  non-metal  lie  material  and  about 
the  length  of  the  lamp  oven.) 

Other  critical  items  regarding  the  physics  package  vibration  sensitivity 
are  the  lamp  exciter  and  microwave  multiplier.  Motion  of  these  items, 
especially  at  the  servo  modulation  rate,  could  also  introduce  AM  on  the  re¬ 
covered  signal.  The  EG&G  lamp  exciter  is  constructed  as  part  of  the  lamp 
oven  assembly  to  avoid  motion  of  the  interconnections.  Similarly  the  SRD 
multiplier  is  built  into  the  cavity  assembly. 

The  rubidium  reference  can  also  be  impaired  by  vibrational  modulation 
of  the  crystal  oscillator  causing  sidebands  on  the  microwave  signal  that 
excites  the  atomic  resonance.  These  sidebands  are  symmetrical  and  cause 
little  frequency  offset  unless  uncorrected  by  the  servo  and  are  at  a  rate 
and  deviation  such  that  a  Bessel  null  occurs.  This  latter  effect  is  not 
a  problem  with  the  wide-bandwidth  TRF5  servo  design. 

It  is  also  necessary  that  excessive  vibrational  modulation  not  be 
caused  by  the  synthesizer  and  rf  multiplier  chain.  In  particular,  the 
'90  MHz  crystal  oscillator  must  be  tightly  locked.  (The  synthesizer  has 
a  PEL  bandwidth  of  about  5  kHz.) 


Vibration  can  also  affect  the  distribution  of  the  rubidium  inside  the 
Rb  lamp.  EG&G  has  conducted  vibration  tests  specifically  to  investigate 
this  phenomenon.  It  is  important  to  avoid  excessive  Rb  fill,  yet  provide 
an  ample  amount  to  assure  satisfactory  life.  EG&G  has  conducted  exten¬ 
sive  research  on  long-life  Rb  lamps  and  uses  calorimetry  to  control  lamp 


4.2.4  Vibration  Isolation.  Vibration  isolators  in  the  form  of  silicone 
rubber  pads  are  included  between  the  magnetic  shields  of  the  physics 
package  as  shown  in  Figure  4.1.1.  Since  the  10  MHz  VCXO  is  part  of  the 
cavity  assembly  inside  the  physics  package,  these  isolators  protect  both 
the  VCXO  and  physics  package. 

No  mechanical  isolation  is  required  at  low  vibration  frequencies  where 
there  is  no  physics  package  vibration  sensitivity  and  where  potentially 
severe  modulation  of  the  crystal  oscillator  is  actively  corrected  by  the 
wideband  servo.  (This  is  fortunate  because  isolation  is  impractical  at 
low  frequencies.)  Significant  mechanical  isolation  of  the  VCXO  is  desir¬ 
able,  however,  at  higher  vibration  frequencies  and  especially  at  the 
critical  2  f^^^  frequency  of  about  1600  Hz.  Such  high  frequency  vibration 
isolation  is  also  valuable  for  shock  protection  of  both  the  VCXO  and 
physics  package. 

The  most  critical  design  parameter  for  the  vibration  isolators  is 
their  resonant  frequency  where  actual  amplification  of  the  input  g  level 
takes  place.  It  is  undesirable  to  locate  this  where  the  specified  en¬ 
vironments  also  peak  since  this  would  further  raise  the  maximum  g  level 
at  around  33  Hz.  It  is  desirable,  however,  to  locate  the  isolator  reso¬ 
nance  low  enough  so  that  no  significant  peaking  (and  perhaps  some  useful 
attenuation)  takes  place  for  the  critical  physics  package  frequency  at 
f^od  (^bout  300  Hz).  Thus  the  isolator  resonance  is  adjusted  for  the 
optimum  point  at  about  200  Hz. 

The  vibration  isolators  also  have  an  important  thermal  function  as 
a  primary  means  of  heat  transfer  from  the  physics  package.  Too  much 
conductivity  raises  the  low  temperature  power  requirement  and  increases 
the  warmup  time.  Too  little  conductivity  increases  the  self-heating  of 
the  physics  package  and  normally  lowers  the  maximum  baseplate  operating 
limit.  Fortunately  this  latter  constraint  is  greatly  relaxed  by  the  in¬ 
clusion  of  the  active  thermoelectric  cooling  and  the  isolators  can  be 
optimized  for  mechanical  and  low  end  oower  considerations.  The  temperature 


rise  of  the  inner  cylindrical  shield  also  eliminates  extreme  changes  in 
the  properties  of  the  silicone  rubber  isolators  at  low  temperatures. 

4.2.5  Discrete  Spurious.  The  TRFS  discrete  spurious  reouirement  (non¬ 
harmonic  distortion)  is  -60  dBc  and  applies  at  all  sideband  frequencies. 
This  requirement  applies  under  all  environmental  conditions  and,  most 
particularly,  under  the  operational  sinusoidal  vibration.  Such  vibration 
modulates  the  crystal  oscillator  and  produces  discrete  spurious  components 
on  the  TRFS  10  MHz  rf  output  at  a  sideband  frequency  equal  to  the  vibration 
frequency.  The  level  of  these  components  depends  on  the  g  level  ,  fre¬ 
quency  and  axis  of  the  vibration,  the  response  of  the  crystal  oscillator 
mounting  structure,  the  g-sensitivity  of  the  crystal  (along  the  particular 
axis  of  vibration),  and  the  correction  applied  by  the  rubidium  servo. 

The  worst  case  for  the  generation  of  discrete  spurious  components 
under  vibration  occurs  in  the  30-40  Hz  region.  Here  the  applied  vibra¬ 
tion  is  the  greatest,  the  frequency  is  relatively  low  (which,  because  of  a 
f'^  dependence,  increases  the  spurious  level),  there  is  no  attenuation 
from  the  internal  vibration  isolators  and  there  is  little  correction  from 
the  servo. 

In  particular,  the  largest  applied  sinusoidal  vibration  is  14.25  g 
npT,i.  -,t  g  ^2  alonq  the  \^ertical  axis  (due  tn  peakina  from  the  exte^'nal 
vibration  isolators).  Without  mount  attenuation  or  servo  correction, 
the  maximum  allowable  crystal  g-sensitivity  is  4.6  x  10*'‘^/q.  Some  servo 
correction  does  occur,  however,  (about  14  dB  or  x  5)  and  the  crystal  is 
oriented  so  that  its  maximum  g-sensitivity  is  not  alona  this  axis.  A 
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crystal  with  a  readily  achievable  g-sensitivity  of  1  x  10  'c  can  therefore 
meet  this  requirement. 

The  situation  in  the  horizontal  axis  is  similar.  The  maximum  g-level 
is  10.5  g  peak  at  55  Hz,  which,  without  attenuation  or  correction  require^ 
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a  crystal  g-sensitivity  that  does  not  exceed  1.0  x  10  /g.  And  again, 

there  is  some  improvement  by  the  servo. 


Overall,  the  discrete  spurious  under  sinusoidal  vibration  is  sum¬ 
marized  in  Figure  4. 2. 5.1. 

Curve  (A)  of  Figure  4.2.5. 1  shows  the  allowable  vibration  level  (in 
dB  relative  to  1  g  peak  vs  vibration  frequency  in  Hz)  that  can  be  applied 
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to  a  crystal  having  an  acceleration  sensitivity  of  1  x  10  /g  and  not 
exceed  a  discrete  spurious  level  of  -60  dBc  on  the  10  MHz  output.  This 
curve  applies  to  the  crystal  itself  in  the  worst  axis  without  vibration 
isolation  of  servo  correction.  Curves  (C),  (D),  and  (E)  show  the  specified 
levels  of  sinusoidal  vibration  for  ground  mobile  and  vertical  and  hori¬ 
zontal  axes  in  airborne  applications.  The  discrete  spurious  requirement 
would  not  be  met  in  the  region  below  about  50  Hz.  The  EG&G  TRFS  uses  a 
wide  (100  Hz)  servo  bandwidth  as  shown  in  Figure  4. 2. 5. 2  to  tightly  lock 
the  crystal  oscillator  to  the  stable  rubidium  reference  and  thus  greatly 
improve  this  situation.  Curve  (B)  shows  the  allowable  vibration  level  with 
the  Rb  servo.  A  design  margin  of  about  6  dB  {x2)  exists. 

Furthermore,  the  crystal  sensitivity  is  less  in  certain  directions  and 
it  is  aligned  so  as  to  further  reduce  the  spurious  level  for  the  vertical 
axis  along  which  the  applied  vibration  is  highest. 


The  EG&G  TRFS  design  therefore  meets  the  spectral  purity  requirements 
under  the  specified  levels  of  sinusoidal  vibration. 

4.2.6  Phase  Noise.  The  TRFS  phase  noise  (signal  to  noise)  requirements 
are  as  fol lows: 


Sideband 
Frequency 
f ,  Hz 


Phase  noise 

SSB,  1  Hz  BW 

L  (f),  dBc/Hz  at  10  MHz 


1 

100 

1000 


-60 

-80 

-95 


These  requirements  apply  under  all  environmental  conditions,  includ¬ 
ing  random  vibration. 


/ 
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Under  quiescent  conditions  the  TRFS  nhase  noise  at  low  'Wideband 
frequencies  is  determined  by  the  noise  of  the  rubidium  reference  since 
the  crystal  oscillator  is  tightly  locked  tc^  it  by  a  wide  bandwidth  servo. 

The  rubidium  reference  has  a  white  frequen'.:v  noise  characteristic  due 
orimarily  to  shot  noise  at  the  photodetectc.r . 

This  determines  the  short-term  stability  of  the  rubidiuo'  reference 
(and  overall  TRFS)  which  is  specified  as  less  than  4  x  10'^^-'"  -^or  t 
<  100  seconds.  When  converted  to  the  frequency  domain,  this  corresponds 
to  a  phase  noise  level  of  L(l)  =  -68  and  LflOO)  =  -108  dBcHz  at  10  MHz. 
Somewhat  better  short-term  stability  is  actually  obtained  because  of  the 
relatively  cool  cell  operating  temperature  oermitted  by  the  thermoelectric 
cooling  and  other  physics  package  features.  These  phase  noise  require¬ 
ments  are  therefore  easily  met  under  quiescent  conaitions. 

Under  quiescent  conditions  at  low  sideband  frequencies  '^e•^r  the  car¬ 
rier  within  the  100  Hz  Rb  servo  bandwidth,  the  L(f)  value  must  be  consistent 
with  the  S/N  ratio  of  the  Rb  reference. 

At  the  sideband  frequencies  above  the  servo  bandwidth  (>10C  Hz),  the 
TRFS  phase  noise  is  determined  by  its  crystal  oscillator.  A  high  Q  crystal 
and  a  low  noise  oscillator  configuration  is  used  and  the  L(lOhO)  value  is 
about  -145  dBc/Hz,  greatly  exceeding  the  -95  dBc/Hz  requirement  under 
Quiescent  conditions. 

The  expected  overall  TRFS  phase  noise  characteristic  under  quiescent 
conditions  is  shown  in  Figure  4. 2. 6.1. 

The  TRFS  phase  noise  is  degraded  consmjerably  under  exposure  to  t!"c- 
soecified  levels  of  random  vibration,  but  is  still  able  to  -^eet  the  re- 
ouirerients.  This  is  made  possible,  primarilv,  bv  rpe  v.idPband  serve  cor¬ 
rection  of  the  low  frequency  vibrational  ■’Adulation  of  the  cn/stal  oscil- 
1  ator . 

The  design  levels  of  TRFS  phase  nuise  under  i andom  vibrition  are  shown 
in  Figure  4. 2. 6. 2.  Below  10  Hz,  the  phase  noise  follows  the  Rb  reference 
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and  above  100  Hz  it  follows  the  VCXO.  Between  10  and  100  Hz  it  is  scme- 
what  better  than  for  the  VCXO  alone.  In  all  cases  the  specified  performance 
is  net. 


4.2.7  Frequency  Stabi 1 ity.  Besides  the  spectral  ourity  requirements 
(phase  noise  and  discrete  spurious),  the  TRFS  must  also  meet  specific 
frequency  stability  requirements  while  exposed  to  operational  vibration. 

.Q 

1  he  normal  short-term  stability  specification  is  replaced  by  a  1  x  10  ' 
maximum  allowable  freauency  error  during  exposure  to  sinusoidal  vibration, 
Averaging  times  of  1  second  below  20  Hz  and  0.1  second  above  10  Hz  are 
to  be  used  as  the  vibration  frequency  is  slowly  swept. 

The  most  critical  aspect  of  this  requirement  is  that  the  TRFS  not 
unlock  or  be  subject  to  unacceptable  frequency  offsets  when  the  vibration 
frequency  is  at  or  very  near  tne  servo  modulation  rate  0“  its  second 
harmon i c . 

At  other  vibration  frequencies  (not  related  to  the  servo  modulation 
rate)  no  steady  state  frequenc.  offsets  are  produced  but  the  freauency 
scatter  can  be  degraded  because  of  vibrational  modulation  of  the  VCXO. 

The  requirement  for  a  clock  error  not  exceeding  9G0  nsec  during  a 
half-hour  e/oosure  to  random  vibration  (corresoonding  to  a  frequency  off¬ 
set  0*  less  than  5  x  10’^^)  is  essentially  a  requirem.ent  that  the  TR-S 
regain  continuously  locked  to  .Rb  reference. 

4.3  ^qwer  Transient  Protection.  An  imoortant  aspect  of  the  TRFS  oesicn 
is  the  protection  of  the  heater  and  electronic  circuits  against  power 
line  transients,  ripple  and  reverse  oolarity. 

The  TR"S  has  two  input  voltage  lines  with  a  single  ground  return. 

The  oven  heater  power  is  -^28'.'  dc  nominal  in  accordance  with  ’'!L-STj-"''4 , 
Cateogn/  b  ^aircraft),  MIL-5TC-  1275  (vehicles)  and  the  specific  f'SiiS ' c’- * 
surd i  t ’  one  o'"  the  TR'^S  spec i ^ i  a t i or  .  The  electronic  p:owei'  is  -^."CV  dc 
I  urn i fell  u  accord,;nce  with  the  e  samo  standards  except  that  ''inrle  an 
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transients  are  somewhat  less  severe.  Oiher'/.ise,  the  ripnle  is  speci^iec! 
by  the  CSOl  EMI  requirements  of  MIL-STC--E .  These  pcwer  utriizatioti 
and  transient  protection  requirements  art  jlsn  described  in  ARIfjC  Report 
413.  Overall,  they  have  significant  dcsit'  '-npact  and  necessitate  a 
number  if  specific  protective  measures  as  described  below. 

The  TRFS  power  transient  protection  scheme  is  shown  in  the  simpli¬ 
fied  schematic  diagram  of  Figure  4.3.  (The  individual  schematics  for  the 
input  filter,  temperature  control! er /power  supoly  and  thermoelectric  con¬ 
troller  should  also  be  examined  for  more  srecific  information.  These 
ai'e  Figures  3.7.3,  3.7.1  and  3.7.2  respectively.) 

Series  diodes  are  used  in  the  positive  leads  both  the  heater  and 
electronic  power  input  lines.  These  diodes  provide  protection  for  reverse 
polarity,  both  transient  and  sustained.  They  have  PIV  ratines  that  ex¬ 
ceed  the  maximum  reverse  transient  voltaot:  and  have  averaoc  current 
ratings  and  heat  sinking  adequate  for  the  normal  TRFS  warrut'  and  operation 
Their  only  disadvantage  is  an  efficiency  loos  of  about  4  , 

The  diodes  in  each  power  line  arc  followed  by  LC  ^iltc-r  sections. 
These  filters  provide  high  frequency  input  ripDl(^  attet  jat -and  attenu¬ 
ation  of  fast  transients.  They  are  also  ''■•■cessarv  to  attenu'-tc  the  cor.dw. 
emissions  from  the  TRFS  power  switching  cirr-jits  (at  atjcrox atc-l  y  kHz, 
in  order  to  fseet  the  CEOS  EMI  regu  i  rc  'ien' '  of  MIL-STD--"',  1  , 

"hp  LC  "iltei'  sections  are  followed  ii trans''Orit  a  fip  .ps 

diodes  that  provide  overvoltage  protection  ‘o,-  v-ripi'-  .i'-s.i-s. 

The  key  to  the  ,3prdication  of  these  devic-^  is  inoiusm"'!  i  i  ry, 

mredance,  oithec  t  hf,  specified  trans.ient  in-pedance  ‘o*  •o.-.  nio'': 

t  f-.Tnc,  ••  ort  voltaoes,  or  the  TRFS  oven  neat*-’  ^ind  ther 'm..  ’  p,  •  r '  ■  ipcou  x 

Cl  »'  C  t  h  F'  r  I  f  >  r  tors  . 

Ih  addition,  the  ~^FS  iiowen  inout  ’•  .-c  gj-vn'  ■  i  *  r  •.  *  i -'r  a,  f 

at  thf-  piownr  ronrifisox  that  provides  attow'-i  i  n  i '^r  ox  ^  - 

ducted  susceot  1  b i  1  i  t  /  .and  oirm  ss  ions  . 
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REGULATORS 


Protection  Circuits 


4.4  Monitors .  The  RFS  interface  diagram  (Figure  1  of  Appendix  A)  defines 
the  usage  of  the  13  J2  pins  (see  Table  4.4).  Two  monitor  signals  are 
defined;  the  Resonance  Lock  (BIT)  signal  on  pin  1  and  the  Crystal  Con¬ 
trol  Voltage  on  pin  2. 

The  Resonance  Lock  (BIT)  output  is  a  go/no-go  signal  with  the 
electrical  characteristics  of  paragraph  3.2.1.1.b.  By  combining  the 
Rb  servo  lock  and  10  MHz  output  level  detectors,  the  BIT  detects  essen¬ 
tially  all  (^98.6T)  TRFS  failures  per  paragraph  3. 2. 4. 1.1. 

The  Crystal  Control  Voltage  output  's  intended  to  show  the  need  for 
recalibration  of  the  crystal  oscillator  to  correct  for  its  drift.  The 
EG&G  TRFS  design  uses  a  high  stability  precision  crystal  with  a  rela¬ 
tively  large  tuning  range  and  should  not  require  any  such  recalibration  over 
the  25  year  useful  lifetime  of  paragraph  3.2.3. 1  and  certainly  not  as  often 
as  every  10,000  hours  (approximately  1  year)  as  allowed  in  paragraph 
3.2.4. 1.3  (see  section  4.5). 

TABLE  4.4 
J2  Connections 

P1n(s) 

7,  8,  13 
11 

4,  5,  12 
1 
2 
6 
3 

10 
9 

4.5  VCXO  Trimming.  The  varactor  tuning  range  of  the  10  MHz  VCXO  is  wide 
enough  that  no  mechanical  trimmer  is  required  for  coarse  freouency  adjust¬ 
ments.  Not  only  does  this  eliminate  the  necessity  for  any  Corn:  of 


preventative  maintenance  (and  the  attendant  logistics  effort  and  cost)  but 
it  also  eliminates  a  relatively  large,  unreliable  and  vibration  sensitive 
component. 

4.6  Warmup  and  Power  Consumption.  The  E6&G  TRFS  contains  provisions  for 
ultra-fast  warmup.  The  TRFS  must  lock  up  in  only  1.5  minutes  and  achieve 
a  frequency  tolerance  of  5  x  within  2.5  minutes  at  room  temperature 

(and  within  4.0  minutes  at  -55°C).  This  is  accomplished  with  low  addi¬ 
tional  complexity  by  adding  a  tap  to  the  foil  oven  heaters  and  using  one 
section  alone  as  a  boost  heater  during  warmup,  thereby  increasing  the  oven 
demand  power.  This  is  accomplished  with  only  1  additional  wire  for  each 
oven  and  a  simple  controller  switch  circuit.  The  total  TRFS  demand  power  is 
only  about  95  W.  at  maximum  supply  voltages,  less  than  the  110  W.  allowed. 

EG&G  has  conducted  thermal  fatigue  testing  on  the  TRFS  ultrafast 
warmup  physics  package  design  and  has  proven  its  ability  to  withstand 
thousands  of  on-off  cycles. 

The  EG&G  TRFS  also  has  low  power  consumption  under  steady  state  con¬ 
ditions.  The  TRFS  power  consumption  is  summarized  in  Table  4.6. 


TABLE  4.6 

TRFS  Power  Consumption 

(Watts) 

Condition 

Spec 

Actual 

Warmup 

110 

74  * 

-55°C 

23 

18 

+25°C 

17 

12 

+80°C 

-- 

10 

★ 


At  nominal  supply  voltages 


5.  RELIABILITY 

A  detailed  parts  stress  reliability  analysis  per  MIL-STD-217D  was 
conducted  on  the  TRFS  design  under  the  specified  conditions.  This 
analysis  is  included  as  Appendix  B  to  this  report  and  the  results  are 
summar’zed  in  Table  5.0  below.  The  predicted  reliability  is  well  within 
that  required  in  paragraph  3.2.3  of  the  specifications. 

TABLE  5.0 

TRFS  MTBF  Prediction  Summary 

Cooling  Air  MTBF  (Hours) 

Environment  Temperature  Specified  Predi cted 

2°C 
30°C 
40°C 


Airborne  Uninhabited,  Fighter  (AUF) 
Ground  Fixed  (GF) 

Ground  Mobile  (GM) 


12,975 

34,408 

21,352 


23,683 
101,802 
36  ,224 
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6.  ENGINEERING  TESTS 

Engineering  tests  were  conducted  as  appropriate  throughout  the 
TRFS  development  effort  in  accordance  with  paragraph  4. 1.2. 3  of  the 
specifications  and  good  engineering  practice. 

Some  of  the  more  significant  of  these  engineering  tests  that  in¬ 
volve  items  not  otherwise  covered  by  the  qualification  tests  are  dis¬ 
cussed  in  the  following  report  sections. 

6.1  Warm-up  Endurance.  The  warm-up  of  a  rubidium  frequency  standard 
subjects  the  physics  package  to  thermal  fatigue  stress,  particularly 
when  a  relatively  high  demand  power  is  used  to  achieve  fast  warm-up. 
Engineering  tests  v/ere  therefore  conducted  to  verify  the  ability  of  the 
TRFS  design  to  endure  thousands  of  turn-on  cycles. 

A  physics  package  with  warm-up  boost  heaters  was  assembled  and 
instrumented  early  in  the  TRFS  development  program  and  has  accumulated 
over  7500  turn-on  cycles  over  a  period  of  25  months  without  any  sign  of 
wearout.  Our  confidence  in  the  design  is  further  strengthened  by  si:'ii- 
lar  testing  conducted  on  complete  EG&G  RbXO  units  where  four  RbXOs 
were  on-off  cycled  twenty  times  per  day  while  being  subjected  to  a  -62 
to  +68°C  temperature  cycle  for  180  days.  These  units  withstood  over 
14,000  on-off  cycles,  700  temperature  cycles  and  18,000  operating  hours 
under  these  severe  conditions  with  a  single  failure.  Furthermore,  the 
one  failure  mechanism,  lack  of  stress  relief  in  a  bead  thermistor  lead, 
was  corrected. 

6.2  Crystal  g-5ensitivity.  2-q  tipover  tests  were  conducted  on  four 
TRFS  crystal  oscillators.  These  tests  measured  the  static  g-sensitivity 
of  the  four  10  MHz  3rd  overtone  SC-cut  TO-8  crystals  while  ooerating 

in  TRFS  oscillator  boards  in  a  special  test  oven. 

The  test  results  are  shown  in  Table  6.2.  The  crystal  g-sensi- 

.0 

tivities  are  at  or  below  1  x  10  /o  along  the  principal  axes  and  the 

-Q 

resultant  vector  sensitivities  are  at  or  slightly  above  1  x  10  ''a. 

This  is  adequate  to  meet  the  TRFS  requirements  as  discussed  in  section 

4.2  of  this  report. 
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Dynamic  vibration  tests  were  also  conducted  on  three  of  these 
oscillators.  Their  rf  spectrum  was  observed  while  undergoing  5  q  oeak 
sinusoidal  vibration  at  100  Hz  and  the  resulting  sideband  levels  were 
related  to  the  crystal  g-sensi ti vity.  These  results  (also  shown  in 
Table  6.2)  are  in  good  agreement  with  the  static  measurements.  These 
dynamic  tests  were  also  conducted  with  random  vibration  and  at  vibrat- 
tion  frequencies  between  25  and  2000  Hz  at  levels  up  to  10  g,  with 
similar  results. 

6.3  Vibration  Resistance.  To  verify  that  the  TRFS  package  was  capable 
of  withstanding  the  specified  vibration  levels,  the  two  major  assemblies 
were  subjected  to  the  worst  of  the  vibration  levels.  The  first  was  the 
assembly  of  the  physics  package,  magnetic  shields,  resilient  mounts,  and 
thermoelectric  modules.  Measurements  of  the  response  of  various  ele¬ 
ments  were  made  using  a  hand  held  vibration  probe,  and  modes  observed 
with  a  strobe.  The  resistances  of  the  thermoelectric  modules  were 
measured  before  and  after  vibration  to  check  for  fracture  of  the  thermo¬ 
electric  elements  or  solder  joints. 

The  other  assembly  tested  included  the  main  structure  with  printed 
circuit  boards  mounted,  'me  outer  cover  was  left  off  to  allow  measure¬ 
ments  with  a  hand  held  vibration  probe  and  observation  with  a  strobe,  but 
it  was  structurally  simulated  by  a  sheet  metal  back  support.  Although  no 
failures  occurred,  the  testing  indicated  improvements  in  the  mountino  of 
the  printed  circuit  boards  whicn  were  incorporated  into  the  design. 
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7.  QUALIFICATION  TESTS 


Qualification  tests  were  conducted  on  two  TRFS  Full  Scale  Engine¬ 
ering  Models  in  accordance  with  a  TRFS  Qualification  Test  Plan  preoared 
for  the  U.S.  Air  Force  Electronic  Systems  Division  by  Support  Systems 
Associates,  Inc.  (see  Appendix  C).  With  only  minor  exceptions  as  noted 
in  the  detailed  test  reports,  the  EG&G  TRFS  design  is  fully  compliant  witn 
the  requirements  as  evidenced  by  passage  of  all  qualification  tests. 

The  detailed  test  reports  that  follow  are  organized  according  to  the 
qualification  test  sequence  given  on  the  test  plan.  A  summary  of  the 
qualification  test  compliance  is  shown  in  Table  7.0. 

7.1  Physical  Inspection.  The  two  TRFS  full  scale  engineering  models  were 
inspected  for  compliance  with  the  physical  requirements  of  weight,  di¬ 
mensions, finish  and  connectors  per  paragraph  5.0  of  the  test  plan.  Both 
units  were  fully  compliant  with  the  requirements. 

7.2  Performance  Tests.  Performance  tests  covering  the  main  TRFS  per¬ 
formance  parameters  were  conducted  on  both  full  scale  engineering  models 
in  accordance  with  Section  6  of  the  test  plan.  The  results  of  these 
tests  are  shown  on  the  Performance  Test  Data  Sheets,  Table  7.2.  A  more 
detailed  description  of  each  of  these  tests  is  given  in  the  following 
report  sections. 

7.2.1  Uarmonic/ Non harmonic  Distortion.  The  levels  of  harmonic  and  non¬ 
harmonic  (spurious)  distortion  on  the  TRFS  10  MHz  output  are  limited 
to  -30  dBc  and  -60  dBc  respectively  per  paragraph  3. 2. 1.3  of  the  speci¬ 
fications.  These  distortion  components  were  measured  on  both  full  scale 
engineering  models  using  a  rf  spectrum  analyzer  as  shown  in  Figure  6-1 
of  the  test  plan.  A  crystal  notch  filter  was  used  to  lower  the  level 
of  the  10  MHz  carrier  tc  improve  the  dynamic  range  of  the  spurious 
measurement.  The  results  of  these  tests  are  shown  in  Table  7.2;  both 
units  comply  with  the  requirements. 

Compliance  with  the  -60  dBc  spurious  level  is  also  required  under 
conditions  of  sinusoidal  vibration  and  was  one  of  the  most  important  de¬ 
sign  considerations  for  the  TRFS.  This  requirement  is  also  met,  as  de¬ 
scribed  in  Section  7. 4. A  of  this  report. 
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TRFS  PERFORMANCE  TEST  DATA  SHEET  (cont’d) 


PARAMETER 

VALUE 

LIMITS 

UNITS 

Short-Circuit  Protection: 

Initial  Output 

.  56 

0 .45-0 .65 

Vrms  ( 

Initial  Frequency 

ro.i 

1.5 

pplO  "  1 

Final  Output 

__ii _ 

0. 45-0 .65 

V  r  Cl  s  ( 

Frequency  Change 

-  1,0 

S-5 

pplO^^-lt  ( 

Short-Tern  stability. • 

1  1 

1  Second 

2.00 

<  4 

ppic^J  t 

10  Seconds 

<_1 . 26  5 

pplO  ( 

100  Seconds 

I.Tfi 

<  4 

pp 10  ^ ‘  t 

Outnut  Imnedance: 

45  S5 

Impedance 

Ohms  1 

Warmup  and  Power: 

Peak  Current  t2oV) 

<■6 

A  d  C 

Peak  Current  (26v) 

.I&O 

Adc 

Input  Voltage(2av) 

28.0 

Vdc 

Input  Voltage(26V) 

2b  .  o 

VdC 

Input  Power(Total) 

57  T 

^110 

W  d  C  ( 

Lock  Time 

•>6 

<90 

Sec  1 

2.«  Minute  Accuracy 

1.0 

<  1 

2.51  Minute  Accuracy 

A  4 

<5 

pplO"-  ( 

Steady-State  PoweriTotal)  95 

£17 

Wdc  1 

Si'jnal  CO  Noise; 

1  ilz 

-73 

<-60 

dSc/iiz  i 

100  Hz 

-.13  S 

<-80 

dec,/Hz  ( 

1 0  J  0  Hz 

-  1  3 

<-95 

d3c/Hz  i 

P  e  F.  a  r  k  s  : 


*  R  e  1  a  t  .  <j  O  f  /  I 


TRFS  PERFORMANCE  TEST 

DATA  SHEET 

S/N 

SEQUENCt  n  CL  1 

DATE:  l2-/l5 

-  /2/.9/6fe 

INITIALS  : 

KD  l 

PARAMETER 

VALUE 

L  I  T  s 

u  r.'  I T  s 

y 

0  a  t  c  u  t  : 

Level 

.ST 

0 . 4  5  -  C  ,  6  S 

V  rms 

(  y  ) 

Harmonic  (max.) 

-AZ 

<-30 

dB  c 

1 1-'  ) 

Spurious  (max.)  -to 

<  -  60 

db  c 

(  w-  ) 

Voltaqe  Sensitivitv: 

2  3 . 4-28 . b  (Elect .  ) 

.s 

<.  1 

ppio“  * 

(  i 

2  2 . 0-  32 .0  (Elect .  ) 

/.O 

<.  5 

ppio  m 

■:  ) 

Heater  Dropout 

-£.002. 

S.  1 

ppio“ 

(  ) 

Adiusttnent  Range: 

Max imum 

+  3.4- 

ppio^ 

Minimum 

-2.4- 

pplo 

i 

Range 

g 

>3 

ppi'.',  1 

Setting 

1  O 

:  2 

ppio"" 

(  y  i 

Orientation  Sensitivity: 

1 1 

;j  0  r  m  a  1 

♦  53 

ppi^ , , 

Left  Side  Down 

-»■  z 

S 

ppioji  * 

1  /  j 

Top  Side  Down 

+  3 

5 

pplO  1> 

1  ) 

Right  Side  Down 

♦  3 

S 

pplo“  f 

1  ' 

Back  Side  Down 

1 

5 

ppl'^(l  * 

(  y  ; 

Front  Side  Down 

o 

5 

ppld  » 

1  p'  ) 

Magnetic  Sensitivity: 

1  1 

X  -  Ax  1  s» 

.83 

S.2 

p  ^  1  0  *  G  a  u  s  b 

;  y  J 

Y  -  A  X 1  s 

./ 

<.2 

ppio'^ Gauss 

(  y  , 

Z  -  A  X  1  s 

4: .  / 

S.2 

pplo  V  G  a  U  S  5 

y , 

Retrace  : 

Initial 

—  0 .  C» 

pplo  ^  } 

Tumors  ^1 

-2.0 

pplO  “ 

Tarnon  w2 

-  1.  ? 

ppl u  ^  ^ 

Turnon  n  J. 

4-  .  O 

ppl'j ,  1 

Error  (max.) 

-+  4-  •  Cd 

i.5 

p  P  i  3  ‘  * 

( y , 

'  T  . 

L  e  a  K  a  q  e 

X-  lO 

'■  1 :  :> 

y  A  c  j 

1  y  ) 

V  o  1 1  a  G  e 

•  )li 

■  1 

V  d  c 

'  y  - 

.--or.  t  rc  :  Vr.  I  t  .3  ( ,  ; 

j  i  t  a  q  e 

1.9C _ 

S  .  S  -  j  .  s 

V  J  c 

^  ; 

-74- 


THFS  performance;  test  data  SilEET  (cont'd) 


PARAMETER 

VALUE 

LIMITS 

u  m  T  s 

Short-Circuit  Protection: 

Initial  Output 

.S'! 

0 .45-0 .65 

Vrms  II 

Initial  Frequency 

I'll 

i.5 

pplO 

F 1 na 1  Output 

•  SI 

0 . 45-0.65 

vrms 

Frequency  Chanqe 

-  z 

s.5 

pplO-"^ 

S.hort-Terrr,  StuoilitY: 

1  y 

1  Second 

2  .  G. 

<4 

PPio“ 

10  Seconds 

0.7  9 

<1.265 

pplO 

100  Seconds 

2-  ? 

<4 

pp  iO  ^ 

Output  Impedance : . 

4s: 

Impedance 

AO-^ 

Ohms 

WarmuD  and  Power*. 

Peult  Current  (28V) 

-lei _ 

Adc 

peak  Current  i2uV) 

alii _ 

Adc 

Input  Voltage (28V) 

.JJ _ 

Vdc 

Input  VqlLaqe(26V) 

Vdc 

Input  Power(Total) 

74 

^110 

Wdc 

locn  T  rme 

70  . 

<80 

Sec 

2.U  Minute  Accuracy 

.71 

<  1 

ppic^ 

2.5  .Minute  A  c  c  u  r  a  c  y 

J'Ct _ 

<  5 

pp  1C  * 

Stead '/-State  Power  (Total)||. ftp. 

<_17 

Wdc 

Signal  to  Noise: 

1  hz 

'  7  ( 

^-6  0 

d  b  c  /  H.  z 

10  0  Hz 

'in 

<-eu 

d  3  c  /■  H  2 

1000  Hz 

-  1 

<  -95 

d  5  c  /  H  2 

t  ^  ) 

I  ^  ) 

i  ^  ) 


I  ^ ) 
;  ^  ) 
(  . 


I  ^ 


I 

( 


I  / 

(  y 


N\ 


7.2.2  Voltage  Sensitivity.  The  voltage  sensitivity  of  the  TRFS  output 
frequency  is  linited  to  less  than  1  x  10  for  a  10.  input  voltage 
change  and  to  less  than  5  x  10  over  the  entire  voltage  range.  The 

_o 

frequency  must  also  change  less  than  1  x  10~  during  a  10  second  drop- 
cut  of  the  heater  voltage.  These  reouirerents  are  given  in  paragraph 
3. 2. 1.6  of  the  specifications. 

The  voltage  sensitivity  of  both  TRFS  full-scale  engineering  models 
was  measured  by  varying  the  electronic  and  heater  supoly  voltages  per 
the  table  of  paragraph  6.2  (B)  of  the  test  plan  while  using  the  high 
resolution  frequency  measuring  system  of  Aopendix  E.  The  results  of  these 
tests  are  shown  in  Table  7.2;  both  units  comply  with  the  reaui rements . 

7.2.3  Frequency  Adjustability.  The  TRFS  is  required  to  have  a  fre- 
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quency  adjustment  range  of  3  x  10  settable  within  2x10  per  para¬ 
graph  3. 2. 1.3  of  the  specifications. 

‘-leasurements  were  made  of  the  frequency  adjustability  of  both  full 
scale  engineering  models  using  the  high  resolution  frequency  measuring 
system  of  Appendix  E.  The  results  of  these  are  shown  in  Table  7.2; 
botn  units  comply  with  the  requirements. 

7.2.4  Orientation  Sensitivity.  The  TRFS  must  meet  all  performance  re¬ 
quirements  regardless  of  orientation  per  paragraph  .3. 2. 2. 5  of  the  soeci- 
■fications  and  the  orientation  sensitivity  is  limited  to  5  x  10'^^  per 
paragraph  6.4  of  the  test  plan. 

Measurements  were  made  of  the  orientation  sensitivity  of  both 
full  scale  engineering  models  using  the  hi^h  resolution  frequency  measurir 
system  of  Appendix  E.  The  results  of  these  tests  are  shown  in  Table  7.2; 
both  units  comply  with  tne  requirements. 

7.2.5  Magnetic  Sensitivity.  The  TRFS  macnetic  sensitivity  is  linited  to 
2x10  gauss  per  paraqraph  3. 2. 1.9  of  the  specifications. 

Measurements  were  made  of  the  magnetic  sensitivity  bv  slacino  the 
TRFS  inside  a  Helmholtz  coil  pair  and  usirig  the  high  resolution  frecuerm, , 


measuring  system  of  Appendix  E  to  measure  the  frequency  change  due  to  the 
reversal  of  a  4  gauss  field  along  each  major  axis.  The  Helmholtz  coils 
were  4  feet  in  diameter  and  constructed  per  ASTM  Specification  346-64, 
Standard  Method  of  Test  of  Magnetic  Shielding.  The  field  was  calibrated 
using  a  gaussmeter  probe  at  their  center  without  the  TRFS  and  the  coil 
was  located  at  least  10  feet  away  from  large  metallic  objects. 

The  results  of  the  magnetic  sensitivity  measurements  are  shown  in 
Table  7.2.  The  TRFS  is  most  sensitive  along  the  X-axis,  the  magnetic 
axis  of  the  physics  package.  The  magnetic  shields  of  TRFS  S/N  101  were 
not  annealed  and  did  not  have  their  design  values  of  permeability  and 
shielding  factor.  TRFS  S/N  102  (and  all  subsequent  units)  have  annealed 
shields  and  easily  comply  with  the  requirements. 

7.2.6  Frequency  Retrace.  The  TRFS  frequency  retrace  for  multiple  on-off 
cycling  at  constant  temperature  is  required  to  be  better  than  5  x  10'^^ 
and  to  be  non-cumulative. 

Measurements  were  made  of  the  frequency  retrace  of  both  full  scale 
engineering  models  using  the  high  resolution  frequency  measuring  system 
of  Appendix  E.  The  results  of  these  tests  are  shown  in  Table  7.2;  both 
units  comply  with  the  requirements. 

EG&G  has  also  conducted  extensive  on-off  stability  tests  on  its 

similar  RbXO  unit.  Four  RbXOs  showed  a  long-term  retrace  characteristic  that 
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was  under  +  5  x  10  /day  after  6  months  and  3600  on-off  cycles,  essen¬ 
tially  identical  to  their  performance  when  operating  continuously. 

7.2.7  Built-In  Test.  The  TRFS  design  includes  a  built-in  test  (BIT) 
output  per  paragraph  3. 2. 1.1.  (B)  of  the  specifications. 

The  characteristics  of  this  BIT  signal  were  checked  on  both  full 
scale  engineering  models  by  measuring  with  a  digital  multimeter,  the 
leakage  current  and  voltage  drop  at  this  output  in  the  "no-go"  and  "ao" 
states,  respectively  per  paragraph  6.7  of  the  test  plan.  The  results 
are  snown  in  Table  7.2;  both  units  comply  with  the  requi rements . 
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7.2.8  Crystal  Control  Voltage.  The  TRFS  design  includes  a  crystal  control 
voltage  analog  monitor  that  indicates  the  margin  remaining  for  lock  O'*" 

the  crystal  oscillator  to  the  Rb  reference.  This  voltage  must  be  +7.5  V 
+  2V  at  shipment  and  remain  betwen  +3  and  +12  V  per  paragraph  3. 2. 1.1 
(C)  of  the  specifications. 

The  crystal  control  voltage  was  measured  on  both  full  scale  en¬ 
gineering  models  using  a  digital  multimeter  per  paragraph  6.£  of  the  test 
plan.  The  results  are  shown  in  Table  7.2;  both  units  comoly  with  the 
requirements . 

7.2.9  Short-Circuit  Protection.  All  TRFS  outputs  are  reauired  to  be 
short-circuit  proof  per  paragraph  3,2.1.15  of  the  specifications. 

Checks  were  made  on  both  full  scale  engineering  models  per  para¬ 
graph  6.9  of  the  test  plan  that  confirmed  that  there  was  no  Performance 
degradation  after  any  J1  or  J2  output  was  shorted  to  ground. 

. 2 . 1 0  Snort-Term  Stability.  The  TRFS  is  required  to  have  a  short-term 
stability  of  at  least  A  x  10  for  averaging  times,  t,  between  1 

and  100  seconds  per  paragraph  3. 2. 1.4. 2  of  the  specifications. 

‘■'easurements  were  made  on  both  full  scale  enqineerino  models  using 
the  high  resolution  freouency  measuring  system  of  Aoeendix  E  to  verify 
compliance  with  the  short-term  stability  requirement  Per  parapraph  £.10 
of  the  test  plan.  These  data  are  shown  in  Table  7.2;  both  unit-  comply 
vith  tlie  requirements. 

7.2.11  Output  Impedance.  The  output  m^Gdance  of  the  TRFS  10  '-'ea  cutout 
is  required  to  be  50  ohms  +10  per  paragraph  3. 2. 1.1  (A)  of  the  speci¬ 
fications  . 

The  output  impedance  was  determined  for  each  of  tne  two  ^ull  scale 
engineering  models  by  measuring  the  charge  in  output  voltage  as  the  load 
resistance  was  varied.  The  results  are  shown  in  Table  7.2;  both  units 
conplv  with  the  i’enu  ■>  rements  . 


7.2.12  Warm-up  and  Power  Consumption.  The  TRFS  warm-up  and  power  con¬ 
sumption  requirements  are  defined  in  paragraphs  3.2.12  and  3.2.11  re¬ 
spectively  of  the  specifications. 

Tests  were  made  regarding  the  warm-up  and  power  consumption  charac¬ 
teristics  of  both  full  scale  engineering  models  in  accordance  with  para¬ 
graph  6.12  of  the  test  plan.  The  test  setup  included  the  high  resolution 
frequency  measuring  system  of  Appendix  E  and  instruments  to  measure  and 
record  the  TRFS  power  consumption.  The  results  are  listed  in  Table  7.2. 
TRFS  S/M  102,  which  has  the  final  design  values  of  heater  resistances 
and  demand  power,  fully  complies  with  the  warm-up  requirements.  Both 
units  comply  with  the  power  consumption  requirements. 

7.2.13  Signal-To-Moise.  The  TRFS  signal -to-noi se  (phase  noise)  re¬ 
quirements  are  given  in  paragraph  3.2. 1.7  of  the  specifications. 

Measurements  of  the  phase  noise  characteristics  of  both  full  scale 
engineering  models  were  made  in  accordance  with  paragraph  6.13  of  the 
test  plan.  The  test  setup  included  a  10  MHz  low  noise  reference  crystal 
oscillator  (Piezo  Model  2810007),  a  double-balanced  mixer,  low-pass 
filter  and  low  noise  amplifier,  and  a  audio  frequency  wave  analyzer.  The 
reference  oscillator  was  phase-locked  to  the  TRFS  via  a  slow  (t>1  sec) 
looD  filter  and  the  mixer  output  was  adjusted  for  0  Vdc  so  that  it 
would  function  as  a  ohase  demodulator.  Such  a  setup  is  a  standard  means 
for  measuring  phase  noise. 

The  results  of  these  phase  noise  measurements  are  shown  in  Table 
7.2.  Both  units  easily  comply  with  the  requirements. 
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7.3  Functional  Tests 


Functional  tests  were  conducted  on  both  TRFS  full  scale  engineerinq 
models  in  accordance  with  paragraph  7.0  of  the  Qualification  Test  Plan 
before  and  after  exposure  to  each  of  the  environmental  tests  described 
in  the  next  section  of  this  report.  The  purpose  of  these  functional 
tests  was  to  verify  that  the  unit  was  operating  properly.  The  parameters 


measured  by  the  functional  test  were  TRFS  output  level  and  frequency,  dc 
input  power  and  VCXO  control  voltage. 

An  example  of  a  typical  functional  test  data  sheet  is  shown  in 
Table  7.3.  All  functional  tests  were  successfully  passed. 

7 . 4  Environmental  Tests 

A  series  of  environmental  tests  were  conducted  on  the  TRFS  full 
scale  engineering  models  to  verify  that  the  design  complies  fully  with 
all  performance  requirements  under  the  environmental  conditons  specified 
in  paragraph  3.2.5  of  the  TRFS  specifications. 

The  general  orocedure  followed  was  to  perform  a  functional  test  on 
the  unit  under  test  before  and  after  each  of  the  envi ronmenial  tests, 
‘lost  of  the  tests  followed  a  MIL-STD-810  test  method,  with  the  speci'^ic 
test  conditions  in  accordance  with  the  TR^S  Qualification  Test  Plan  and 
soec i fi cat  ions .  In  most  cases  the  relevan*  TRFS  performance  parameters 
were  observed  during  the  tests. 


TRFS  FUNCTIONAL  TEST 

DATA  SHEET 

S/  N 

SEOUENCE 

DATE  : _ 

INITIALS 

PARA.METER 

VALUE 

limits 

UNITS 

Output  level 

0.45-0.65 

Vr  ms 

Outt^ut  Frequency 

+  5 

ppl 0  ^  ^ 

Power : 

Voltage  (Elect.) 

2  6 { nom . ) 

Vdc 

Current  (Elect.) 

Adc 

Voltage  (Htr) 

2  6 ( nom .  ) 

Vdc 

Current  (Htr) 

Adc 

Power  (Total) 

— 

<17 

Wdc 

Control  o  1 1  a  g  e 

— 

3-12 

Vdc 

Remarks ; 

Table  7.3 


7.4.1  Temperature/AI titude 


The  temperature/altitude  test  was  performed  on  TRFS  S.'Ns  101  i  102 
accordance  with  paragraph  8.1  of  the  Qualification  Test  Plan.  This  test 
involved  the  temperature  and  pressure  sensitivity  of  the  unit  per  oara- 
graphs  3.2.1.13  and  3,2.1.14  respectively  of  the  TRFS  specifications 
under  the  temperature  and  altitude  environmental  condi  ici'is  of  paragraph 
3.2.0. 1.  The  temperatuf'e/a'l  t  i  tude  test  was  that  of  “IL-Srn-olO;  ''etpv.i 
104.1,  Proceoure  I.  All  requirements  were  m.et.  Details  the  test 
are  as  follov.s: 

Test  Iteai:  TRFS  S/N  101  and  S/N  102 

Spec  :  QTP  8 . 1 

MI L-STD-810C ,  Method  504.1,  Procedure  I. 

Test  Completion  Date:  12/17/86 

Test  Setup:  See  Figure  7.4.1 

'est  Facility:  F.GSG,  Salem,  MA 

P rocedure/Resu 1 ts  : 

Note:  Facii  step  represents  a  separate  test  condition  apjii'C  inde¬ 
pendently  of  the  others,  per  MIL-STD-810C. 

1.  With  the  test  unit  (S/N  102)  deen.erg  ized ,  the  chairu''  tet.ptr- 
ature  was  adjusted  to  -62^C  and  the  unit  allowed  tc.  ‘taPilize. 
This  condition  was  maintained  for  2  hours. 

2.  With  the  test  unit  (S/N  102)  deene>-qi zed ,  tlie  cho  ier  ‘emi-u'  j 

ture  was  adiusted  tc  -54^C  and  tit-  unit  allowed  t:.'  '■tnOili/e. 
The  unit  was  then  energize.!  at  22  Vdc.  The  ini';  auhievef  <. 
^I'cquency  off  set  of  5  x  10  0  less  than  four  ’-.ii  ;’e  ,  1 '  e 

pe.ik  input  power  of  51  watts  i  .c  the  spies  i  i  i •- 1 1  o:!  1.  .  ./.ti' 

The  steady  r^'Wor  0^  19  watts  m-:  spec  i  f  i  ca  *  i  un  '-.'3  v.-.fti.'. 

-  1  I 

Frequency  offset  after  one  hour  'et  speciH'  iMip  '  •  >  x  ! 


The  unit  was  deenergized  and  restabilized  at  -54  C.  The  oper¬ 
ational  sequence  was  repeated  two  additional  times.  Frequency 
readings  at  1  hour  for  the  last  two  cycles  deviated  less  than 
5  X  10’^^ 

The  test  unit  (S/N  101)  was  stabilized  at  -54°C  and  32  Vdc. 

The  chamber  pressure  was  reduced  from  1  atmosphere  to  70,000  ft 

-14 

The  observed  barometric  coefficient  was  5  x  10  /mbar  which 
meets  the  specification  of  <1  x 

The  test  unit  (S/N  101),  deenergized,  was  stabilized  at  -10°C. 
The  chamber  door  was  opened  and  frost  allowed  to  form  on  the 
unit  (It  was  necessary  to  spray  water  around  the  unit).  When 
the  frost  melted,  the  door  was  closed.  The  unit  was  energized 
at  32  Vdc  for  five  minutes;  A  Functional  Test  was  performed  and 
passed  and  then  the  unit  was  deenergized  for  five  minutes,  a 
total  of  three  times. 

The  test  unit  (S/N  102),  deenergized,  was  stabilized  at  95°C 
and  soaked  for  16  hours.  After  exposure,  a  Functional  Test 
was  performed  and  passed. 

The  test  unit  was  mounted  on  a  heatsink,  and  the  five  exposed 
surfaces  of  the  unit  were  covered  with  blanket  insulation  to 
allow  air  flow  over  the  heatsink  only.  The  chamber  temperature 
was  increased  to  71°C,  and  the  unit  stabilized  at  32  Vdc.  The 
chamber  temperature  was  adjusted  slightly  to  bring  the  unit 
baseplate  temperature  to  71°C  plus  0.45°C  per  watt  of  power 
consumption,  or  76°C  for  unit  power  consumption  of  10.3  watts. 
After  four  hours  of  operation,  the  frequency  offset  was  less 
than  3  x  10'^*^. 

The  test  unit  (S/N  102)  was  stabilized  at  36°C  and  32  Vdc.  The 
chamber  pressure  was  reduced  from  1  atmosphere  to  50,000  ft. 
and  maintained  foi  4  hours.  The  observed  barometric  coefficien 


titudc  Tc 


7.4.2  Temperature  Shock 


A  temoerature  shock  test  was  performed  on  TRFS  S-'N  102  in  accor¬ 
dance  with  paragraph  8.2  of  the  Qualification  Test  Plan.  Tnis  test  in¬ 
volved  the  temperature  sensitivity  of  the  unit  per  paragraph  5.2.1.13 
of  the  TRFS  specifications  under  the  temoerature  transient  and  shock 
environmental  conditions  of  paragraphs  3.2.5. 1.3  and  3. 2. 5. 1.4  re¬ 
spectively.  The  temperature  shock  test  was  that  of  MIL-STD-810,  Method 
503.1,  Procedure  I.  All  requirements  were  met.  Details  of  the  test 
are  as  fol lows : 


Test  Item: 
Spec : 


Test  Dates: 


TRFS  S/N  102  (Steps  A-G;  ■■nd  S/N  101  (Steps  I-O) 

QTP  8.2 

MIL-STD-810C ,  Method  503.1  ,  Procedure  1 

10/31/'86  -  11/2/86  (Steps  A-G),  12/3/86  (Steps  1-0) 


Test  Facility:  EG&G,  Salem,  MA 


Procedure/Results  -  Nonoperating,  Steps  A-G: 

1.  The  test  unit,  nonoperating,  was  Placed  ir  a  temperature  cham 
(Tenney  Mite  3).  The  chamber  temperature  was  raised  to  71°C 
and  maintained  for  4  hours. 

2.  The  unit  was  transferred  within  5  minutes  tc  a  cold  cha''ber 
(Tenney  ur.)  at  -b/°C  and  maintd'ned  for  4  hours. 

3.  The  unit  was  transferred  withir  5  minutes  to  the  '-ot  cha'’'ber 
and  maintained  for  4  hours. 

4.  These  steps  were  repeated  for  a  *;otdl  of  3  full  cycles 
(approximately  24  hours  total), 

5.  The  unit  was  inspected  for  damao-..  and  none  observed.  A  ru!"'C- 
tional  Test  was  performed  and  passed. 


,•  V  V  V  ^  ^  ^ 
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7.4.3  Random  Vibration 


Random  vibration  tests  were  perfonriL-d  on  TRFS  S'H  i02  in  jccr>r- 
dance  with  paragraph  8.3  of  the  Qualification  Test  Plan.  These  test;  i 
volved  the  phase  noise  and  frequency  stability  of  the  unit  oare- 
graphs  3. 2. 1.7  and  3. 2. 5. 3. 1.1  respectivel  y  cf  the  TRFS  spec  i  ♦'icaticns 
under  the  performance  levels  of  random  vib>\-;tion  per  paranraoh  3.2. 5. 3. 
and  the  survival  of  the  unit  under  the  endurance  levels  of  random  vibr^ 
tion  per  paragraph  3. 2. 5. 3. 1.2.  The  randor-  vibration  tests  v/cre  that  c 
mIL-STD-810,  Method  514.2,  Procedure  lA.  All  requirements  .ytr--  siet.  0 
tails  of  the  test  are  as  follows: 


Test  Item;  TRFS  S/N  102 

Spec;  QTP  8.3 

MIL-STD-810C ,  Method  514.2,  Procedure  lA 
(general  requirements) 

Test  Completion  Date:  12/10/86 

Test  Facility:  EGSG,  Salem,  MA 

Procedure/Results  -  Performance  Level  Vibration; 


1.  The  test  unit  was  attached  to  an  adapter  plate,  mounted  on 
the  vibration  table  and  electrically  set  up  per  Figure  7.4.3. 


2.  The  unit,  energized,  was  exposed  to  the  random  vibr.i’ion  Ir-.""- 
of  QTP  Table  8-1  (Z  axis)  and  8-2  (X  and  Y  axes)  for  3'1  :  inut 
per  axis.  During  exposure,  the  phase  noise,  output  ^r'/..jenc/ 
and  voltage  were  measured.  There  was  no  observab'L-  ^.haugt  in 
the  output  voltage.  The  phase  noise  was  witliin  i  f  >  .  j  t  lor 
as  shown  in  Figure  7.4. 3.2  and  tne  ^ollowinn  table: 


Offset  from  Carrier 

Specification 

X  Axi  s 

Y  ’  A  i  5 

1  Hz. 

>  60  dB 

77  . 

-?  ■ 

'  u  . 

100  Hz. 

>  80  dB 

120. 

1  k  Hz. 

>  95  dB 

133, 

1  3y  . 

_Z  A 

(7. 

Ill  . 


1  3y  . 


1 


The  output  frequency  error,  determined  from  the  slope  of  the 
phase  difference  betv/een  the  TRFS  being  vibrated  and  the  ref¬ 
erence,  was  within  specification: 

Specification  X  Axis  Y  Axis  Z  Axis 

5  X  10"^°  <1  X  10'^^  2  X  10'^^  6  X  10’^^ 

3.  After  exposure,  the  unit  was  inspected  and  no  damage  observed 
A  Functional  Test  was  performed  and  passed. 

Procedure/Results  -  Endurance  Level  Vibration- 

1.  The  test  unit  was  attached  to  an  adapter  plate  and  mounted 
on  the  vibratior  table. 

2.  The  unit,  deenergized,  was  exposed  to  the  random  vibration 
levels  of  QTP  Table  3-3  (Z  axis)  and  8-4  (X  and  Y  axes)  for 
two  hours  per  axis. 

3.  After  exposure  in  each  axis,  the  unit  was  inspected  and  no 
damage  observed.  A  "functional  Test  was  performed  and  passed. 


7.4.4  Sinusoidal  Vibration 


Sinusoidal  vibration  tests  were  performed  on  TRFS  S/N  102  in  ac¬ 
cordance  with  paragraph  8.4  of  the  Qualification  Test  Plan.  These  tests 
involved  the  nonharmonic  distortion  (spurious)  and  frequency  stability 
of  the  unit  oer  paragraphs  3.2. 1.8  and  3. 2. 5. 3. 2  respectively  of  the 
TRFS  specifications  under  the  minimum  and  maximum  sinusoidal  vibration 
levels  of  paragraphs  3. 2. 5. 3. 2  a.  and  3.2. 5.3.2  b.  respectively.  The 
sinusoidal  vibration  tests  were  those  of  MIL-STD-810,  Method  514.2, 
P''Oced'jre  VIII,  Curve  W  and  Procedure  I.  All  requirements  were  met. 
Details  of  the  test  are  as  follows: 

Test  Item:  TRFS  S/N  102 

Spec:  QTP  8.4 

MIL-STD-310C ,  Method  514.2,  Procedure  VIII,  Curve  V. 
and  Procedure  I  (general  requirements) 

Test  Completion 

Date;  12/9/86 

Test  Facility;  EG4G,  Salem,  MA 
Procedure/Results : 

1.  The  test  unit  was  attached  to  an  adapter  plate,  mounted  on 

the  vibration  table  and  electrically  set  un  per  Figure  7.4.4. 1 

2.  The  test  unit  was  exposed  to  sinusoidal  vibration  while  ener¬ 
gized.  Output  frequency  and  voltage  and  nonharmonic  distor¬ 
tion  at  the  vibration  frequency  were  measured  throuohout  vi¬ 
bration  cycles.  The  frequency  error  was  within  the  snecifi- 
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cation  of  1  x  10  measured  with  a  gate  time  of  1  second  below 
20.  Hz  and  0.1  second  above  20.  Hz.  Vibration  levels  were  as 
fol 1 ows : 

A.  The  unit,  operating,  was  tested  in  accordance  with  MIL- 
STD-310C,  Method  514.2,  Proct'dure  VIII,  Curve  w  to  the 


levels  of  QTP  Table  3-5.  Frequency  cycling  was  from  5  to 
500  to  5  Hz  in  15  minutes  for  3  hours  oer  axis.  The  results 
are  shown  in  Figure  7. 4. 4. 2. 

The  unit,  operating,  was  tested  in  accordance  with  MIL- 
STD-310C,  Method  514.2,  Procedure  I.  Frequency  cycling 
was  performed  from  5  to  2000  to  5  Hz  in  20  minutes  for 
60  minutes  per  axis  to  the  levels  of  QTP  Table  8-7  (2  axis) 
and  8-8  (X  and  v  axes).  Vibration  dwells  were  performed 
for  10  minutes  at  each  of  the  frequencies  of  QTP  Tabl^^  8-6. 
The  results  are  shown  in  Figure  7.4.4. 3. 
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7.4.5  Rd  i  n 


A  rain  test  was  performed  on  TRFS  S/N  102  in  accordance  with 
paragraph  8.12  of  the  Qualification  Test  Plan.  This  test  involves  the 
proper  operation  of  the  unit  under  the  rain  conditions  of  paragraph 
3.2.5.10  of  the  TRFS  specifications.  The  rain  test  was  that  of  MIL- 
STD-810,  Method  506.1,  Procedure  I.  All  requirements  were  met.  Details 
of  the  test  are  as  follows: 


Test  Item;  TRFS  S/N  102 

Spec  :  QTP  8. 12 

MIL-STD-810C,  Method  506.1,  Procedure  I 


Test  Date:  12/12/86 

Test  Facility:  NTS,  Acton,  ‘-'A 

(Purchase  Order  23194) 


Procedure/Resul ts ; 

1.  The  test  item  was  attached  to  a  mounting  plate  and  secured 
in  the  test  chamber.  Electrical  connections  were  made  per 
Fi gure  7.4.5. 

2.  Each  of  five  sides  ot  the  test  item,  including  the  too  but 

not  the  baseplate,  was  exposed  to  the  specified  wind  and 

rain  for  30  minutes  (total  exposure  hours).  During  the 

last  10  minutes,  power  was  applied  to  the  test  item,  and  the 

outDut  frequency  and  voltage  level  were  mpa‘^"rcd.  VoUage 

level  was  normal,  and  at  thp  end  of  the  10  minute  operations, 

-  •  1 

all  values  of  frequency  were  within  5  x  10 

3.  The  unit  was  examined  for  damage  and  none  was  observed. 


QQ 


7.4.6  Bench  Hand!  in 


A  bench  handling  chock  test  was  performed  on  TRFS  S/N  10k!  in  ac¬ 
cordance  with  paragraph  8.5  of  the  Qual ification  Test  Plan.  This  test  in¬ 
volved  the  survival  of  the  unit  after  being  subjected  to  the  bench  handling 
shock  conditions  of  paragraph  3. 2. 5. 2.1  of  the  TRFS  specifications.  The 
bench  handling  test  was  that  of  MIL-STD-810,  Method  516.2,  Procedure  V. 

All  requirements  were  met.  Details  of  the  test  are  as  follows: 

Test  Item;  TRFS  S/N  102 

Sr:ec:  QTP  8.5 

MIL-STD-310C,  Method  516.2,  Procedure  V. 

Test  Date;  11/24/86 

Test  Facility:  EG&G,  Salem,  M.A 

Procedure/Resul ts ; 

1.  The  outer  cover  was  removed  from  the  test  unit. 

2.  The  unit,  nonoperating,  was  placed  on  a  wooden  bench 
too.  Using  each  edge  as  a  pivot,  the  opposite  edge  was 
raised  to  4",  45°  or  the  point  of  balance,  (whichever 
came  first)  and  allowed  to  drop  freely.  The  unit  was 
dropped  four  times  on  each  of  six  faces. 

3.  The  unit  was  examined  for  damage  and  none  was  observed. 

4.  A  Functional  Test  was  performed  and  passed. 


7.4.7  Operational  Shock 


An  operational  shock  test  was  per'‘'o'‘'sed  on  TRFS  S/N  1G2  in  ac¬ 
cordance  with  paragraph  S.6  of  the  Qua!  i+'ication  Test  Plan.  This  test 
involved  the  survival  and  timekeeping  perf si-riance  of  the  unit  under  the 
operational  shock  conditions  of  paragraon  3. 2. 5. 2. 2  of  *:he  TRFS  speci¬ 
fications.  The  operational  shock  test  was  that  of  MIL-STD-810,  flethod 
516.2,  Procedure  I.  All  requirements  were  net.  Details  o^  the  test 
are  as  follows: 

Test  Item;  TRFS  S/N  102 

Spec:  QTP  8.6 

MIL-STD-810C,  Method  516.2,  Procedure  I 
(20  g,  11  ns  half  sine) 

Test  Date:  12'2/86 

Test  Facility;  Associated  Testing  Labs,  Burlington,  MA 

(Purchase  Order  22971,  item  2) 

Procedure/Results ; 

1.  The  test  unit  was  mounted  on  an  adapter  plate  and  attached 
to  the  shock  machine  (AVCO  model  SM-110).  The  electrical 
setup  was  per  Figure  7.4.7. 

2.  Three  shocks  (20  g,  11  ms  half  sine)  were  applied  in  each 
direction  of  the  X,  Y  and  L  axes  (18  shocks  total).  During 
exposure  the  unit  was  ooeratinq  and  the  ti'ne  keepina  performance 
measured  bv  the  Spectracom  8150  'Precision  Phase  Comparator. 

Using  the  1  microsecond  full  scale  setting,  there  was  no  ob¬ 
servable  tiding  error  due  to  shock  nulscs. 

S  T^p  uni^  '‘/as  fotnoupH  ffnm  clinrV  m^rhino  anH  o  y  a  mi  riprl  _  Sin 

da-'aoe  was  observed.  A  Functior.il  Test  was  performed  and  passed 


7.4.8  Acceleration 


An  acceleration  test  was  performed  o-  TRFS  S/N  102  in  accor¬ 
dance  with  paragraph  3.7  of  the  Qualification  Test  Plan.  This  test 
involved  the  output  voltage  and  frequency  stability  of  the  unit  per 
paragraphs  3.2.1. 1  a.  and  3. 2. 5. 2. 3  respectively  of  the  TRFS  specifi¬ 
cations  under  the  acceleration  conditions  of  paragraph  3. 2. 5. 2. 3.  The 
acceleration  test  was  that  of  MIL-STD-810,  Method  513.2,  Procedure  II. 
All  requirements  were  met.  Details  of  the  test  are  as  follows: 


Test  Item; 


TRFS  S/N  102 


Spec:  QTP  8.7 

MIL-STD-810C,  Method  513.2,  Procedure  II 

(10. g) 

Test  Date;  12/1/86 


Test  Facility:  Associated  Testing  Labs,  Burlington,  MA 
(Purchase  Order  22971,  item  1) 


Procedure/Results; 


1.  The  test  unit  was  mounted  on  an  adapter  plate  and  attached 
to  the  centrifuge  (Genisco  model  1230-1)  at  a  radius  of 
42.  inches.  The  electrical  setu:"  was  per  Figure  7.4.8. 

Redundant  slip  rings  were  used  t^:  bring  out  the  power  and 
output  leads  to  reduce  the  effects  of  slip  ring  noise. 

2.  The  unit  was  subjected  to  10  g  for  at  least  1  ninute  in  each 
direction  of  the  X,  Y  and  Z  axes  (6  runs  total).  During 
acceleration ,  the  output  frequency  and  voltage  were  monitored. 
There  was  no  observable  change  in  output  voltage.  The  highest 
observed  frequency  change  was  3  x  10*  in  the  +Y  axis,  which  wa 
'•'ithin  snec' ^icatipn  (4  x  1'^”^^). 


3.  The  unit  was  removed  from  the  cp'^trifuqe  setup  and  inspected. 
No  damage  was  observed.  A  Functional  Test  was  performed  and 
passed . 
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Accelet'dt ion  Test  Setup 


7.4.9  Acoustic  Noise 


An  acoustic  noise  test  was  performed  on  TRFS  S/N  lOZ  ici  accor¬ 
dance  with  paragraph  8.8  of  the  Qualification  Test  Plan.  This  test 
involved  the  phase  noise,  output  voltage  and  frequency  stability  of  the 
unit  per  paragraphs  3. 2. 1.7  and  3.2. 1.1  a.  of  the  TRFS  specifications 
and  paragraph  8.6  f.  of  the  test  plan  respectively  under  the  acoustic 
noise  conditions  of  specification  paragraph  3. 2.5.4.  The  acoustic  noise 
test  was  that  of  MlL-STD-810,  Method  515.2,  Procedure  I,  Category  A. 

All  requirements  were  met.  Details  of  the  test  are  as  follows: 

Test  Item;  TRFS  S/N  102 

Spec:  QTP  8.8 

MIL-STD-810C ,  Method  515.2.  category  A,  Procedure  I 
( 140  dB ,  30  minutes ) . 

Test  Date:  12/11/86 

Test  Facility:  Noise  Unlimited,  Inc.  Somerville,  NJ 
(Purchase  Order  23179) 

Procedure/Results : 

1.  The  test  chamber  was  set  up  to  produce  the  specified  acousti¬ 
cal  noise  spectrum. 

2.  The  test  item  was  suspended  by  elastic  cords  and  elec¬ 
trically  set  up  per  Figure  7.4.9. 

3.  With  the  unit  operating,  the  acoustical  noise  was  aoplied 

(140  dB  for  30  minutes),  and  the  output  frequency  and  voltage 
and  phase  noise  were  measured.  There  was  no  observable  change 
in  output  voltage.  The  highest  frequency  change  was  1  x  10" 
which  was  within  specification  (5  x  10"  ).  The  phase  noise 

was  within  specification; 


Observed 
76  dB 
127  dB 
138  dB 

After  exposure,  the  item  was  examined  for  damage,  and  none 
was  observed. 

A  Functional  Test  was  oerformed  and  passed. 


Offset  from  Carrier 

Specification 

1.  Hz 

>  60  dB 

100.  Hz 

>  80  dB 

1.  k  Hz 

>  95  dB 

7.4.10  Humidit 


A  humidity  test  was  performed  on  TRFS  S/N  101  in  accordance  with 
paragraph  8.9  of  the  Qualification  Test  Plan.  This  test  involved  the 
proper  operation  of  the  unit  under  the  humidity  conditions  of  paragraph 
3. 2. 5. 5  of  the  TRFS  specifications.  The  humidity  test  was  that  of 
MIL-STD-810,  Method  507.1,  Procedure  II.  All  requirements  were  met. 
Details  of  the  test  are  as  follows: 

Test  Item:  TRFS  S/N  101 

Spec:  QTP  8.9 

Mil -STD-810C,  Method  507.1,  Procedure  II 

Test  Date:  Starting  10/25/86  -  11/4/86 

Test  Facility:  Associated  Testing  Labs,  Burlington,  MA 

(Purchase  Order  22111) 

Procedure/Resul ts ; 

1.  Following  preconditioning,  a  Functional  Test  was  performed 
and  passed. 

2.  The  unit  was  subjected  to  five  48-hour  cycles  of  temp- 
humidity  as  specified.  Near  the  end  of  each  48-hour  cycle, 
without  opening  the  chamber,  a  Functional  Test  was  performed 
and  passed. 

3.  The  unit  was  then  conditioned  for  24  hours,  and  a  Functional 
Test  performed  and  passed.  The  unit  was  inspected  and  no 
damage  or  corrosion  observed. 
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The  trfs  design  uses  only  components  and  materials  that  are  in¬ 
herently  fungus  inert,  thereby  meeting  the  fungus  requirements  of  para¬ 
graph  3. 2. 5. 7  of  the  TRFS  specifications  by  analysis  per  paragraph  8.10 
of  the  Qualification  Test  Plan. 


fSVrj-r.'TJT’Ji-. 


7.4.12  Explosive  Atmosphere 


An  explosive  atmosphere  test  was  performed  on  TRFS  S/N  101  in  ac¬ 
cordance  with  paragraph  8.11  of  the  Qualification  Test  Plan.  This  test 
verified  that  the  unit  will  not  cause  an  explosion  when  operated  in  an 
explosive  atmosphere  per  paragraph  3. 2. 5. 8  of  the  TRFS  specifications. 
The  explosive  atmosphere  tests  was  that  of  MlL-STD-810,  Method  511.1, 
Procedure  I.  All  requirements  were  met.  Details  of  the  test  are  as 


fol lows : 


Test  Item: 


TRFS  S/M  101 


Spec: 


QTP  8.11 

MIL-STD-810C,  Method  511.1,  Procedure  I 


Test  Date: 


11/7/86 


Test  Facil ity: 


Associated  Testing  Labs,  Burlington,  MA 
(Purchase  Order  22374,  Item  1.) 


Procedure/Resul ts : 


The  test  unit's  outer  cover  screws  were  removed  and  the  cover 
loosened  to  facilitate  penetration  by  the  explosive  mixture. 
The  unit  was  mounted  on  a  heat  sink  and  a  thermocouple 
attached  to  the  heat  sink.  The  unit  was  placed  in  the  test 
chamber  and  electrically  connected. 


2.  The  ambient  temperature  within  the  chamber  was  raised  to 

71°C.  Approximately  four  hours  were  required  for  the  chamber 
and  test  unit  to  reach  temperature. 


The  specified  procedures  for  chamber  altitude,  fuel  addition 
and  verification  of  mixture  explosiveness  were  followed  for  the 
following  altitudes:  50,000  ft.,  40,000  ft.,  30,000  ft., 

25,000  ft.,  20,000  ft.,  15,000  ft.,  10,000  ft.,  5,000  ft.  and 
sea  level.  The  unit  was  operated  during  exposure  and  turned 
off  and  on  at  each  test  altitude.  No  explosion  occurred. 
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7.4.13  Salt  Fog 


A  salt  fog  test  was  performed  on  TRFS  S/N  101  in  accordance  with 
paragraph  8.13  of  the  Qualification  Test  Plan.  This  test  verified  that 
the  unit  functions  and  is  not  damaged  when  exposure  to  a  salt  atmosphere 
per  paragraph  3. 2. 5. 6  of  the  TRFS  specifications.  The  salt  fog  test  was 
that  of  MIL-STD-810,  Method  509.1,  Procedure  I.  All  requirements  were 
met.  Details  of  the  test  are  as  follows: 

Test  Item:  TRFS  S/N  101 

Spec:  QTP  8.13 

MIL-STD-810C,  Method  509.1,  Procedure  I 

Test  Date:  11/8/86  -  11/12/86 

Test  Facility:  Associated  Testing  Labs,  Burlington,  MA 

(Purchase  Order  22374,  Item  2) 

Procedure  Results: 

1.  The  test  unit  with  connectors  covered  was  attached  to  an 
aluminum  plate  and  positioned,  baseplate  down,  in  the  test 
chamber . 

2.  The  unit,  nonoperating,  was  exposed  to  the  specified  salt 
fog,  for  48  hours. 

3.  At  the  end  of  the  exposure,  the  unit  was  connected  elec¬ 
trically  and  a  Functional  Test  performed  and  passed.  The 
unit  was  inspected  for  corrosion  and  none  observed.  (The 
unit  was  not  washed ) . 

4.  The  unit  was  then  stored  for  48  hours  in  an  ambient  atmosphere 

5.  A  Functional  Test  was  performed  and  passed.  The  unit  was  in¬ 
spected  externally  and  with  the  outer  cover  removed,  and  no 
corrosion  observed. 


.  1 J  Sand  and  Dust 


S  sand  and  dust  test  '.•.as  performed  TRFS  S/rj  101  in  accordance 
v.ith  caragraph  3. 14  of  the  Qualification  Test  Plan.  This  test  verified 
that  the  unit  functions  and  is  not  damaged  when  exposed  to  sand  and  dust 
tier  oaraqraph  3.2. 5.9  of  the  TRFS  specifications.  The  sand  and  dust 
test  was  that  of  MIL-STD-810,  Method  510.1,  Procedure  I.  All  require¬ 
ments  wore  net.  Details  of  the  test  are  as  follows; 

Test  Item:  TRFS  S/S  101 


Spec :  QTP  3.14 

MIL-STD-810C,  Method  510.1,  Procedure  I 

Test  Date:  12/6/36  -  12/7/86 


Test  Facility;  NTS,  Acton,  MA 

(Purchase  Order  23167) 


Procedure/Resul ts : 

1.  Mating  connectors  were  attached  to  the  test  unit  and  the  unit 
positioned  in  the  test  chamber  with  the  front  face  toward 

the  dust  st rearm 

2.  The  test  unit,  nonoperating,  was  exposed  tc  dust  as  speci¬ 
fied  I  total  38  hours  i  . 

3.  A^ter  exposure,  accurulated  dust  was  removed  trc  un't. 

A  Functional  Te^t  was  performed  wid  passed.  Tte  unit  w.as 
inspected,  no  damage  v;as  observec  and  there  was  no  dust 
penetration  into  the  contacts  cf  ‘'he  connectors  or  onto  the 
unit  electronics. 


7.5  EMI  Tests.  EMI  tests  were  conducted  on  EG&G  TRFS  S/N  101  in  accordance 
with  MIL-STD-461B  for  Class  A1  equipment.  These  tests  were  performed  by 
Sanders  Associates  and  are  described  in  their  Test  Report  4484  included 
as  Appendix  D  to  this  Final  Technical  Report.  The  specific  tests  done 
were  methods  CEOl,  CE03,  CE07 ,  CSOl,  CS02,  CS06,  RE02 ,  RSOl,  RSG2  and 
RS03. 


All  tests  were  passed  except  for  a  minor  outage  in  the  CS02  test 
and  a  very  minor  outage  in  the  CE03  test,  both  of  which  should  be  easily 
correctable  in  future  hardware  by  a  change  in  the  electronic  power  input 
filter  inductor.  The  CS02  problem  was  a  very  narrowband  susceptibility 
of  the  7th  harmonic  of  the  synthesizer  frequency  (-  490  kHz)  due  to 
magnetic  coupling  between  the  filter  inductor  and  an  inductor  on  the 
adjacent  rf  board.  This  susceptibility  was  at  a  level  about  6dB  below 
the  reouired  threshold  and  was  aggravated  by  inductor  self-resonance. 

The  CE03  outage  was  only  1  dB  at  the  -  50  kHz  power  switching 
rate.  Both  of  these  problems  can  be  corrected  by  the  substitution  of  a 
slightly  higher  value  shielded  inductor. 


Aging  tests  were  conducted  on  both  TRFS  full  scale  engineering  models 
after  all  other  qualification  testing  in  accordance  with  paragraph  IC.l  cf 
the  Qualification  Test  Plan  which  calls  for  an  aging  test  of  ■f^rorci  7  to  30 
days  duration  sufficient  to  establish  the  aging  trend  of  the  unit.  Para- 
graoh  3.2. 1.4.1  of  the  TRFS  specifications  calls  for  a  lonq-terr  drift 
less  than  5  x  10  ^^/year,  an  average  of  about  1  x  10  ^^/week.  The  stan¬ 
dard  EG&G  factory  aging  test  calls  for  7  days  of  aging  data  having  a 

slope  less  than  1.5  x  10  ^^/week  to  comply  with  a  tighter  drift  spec., 

- 1 1  - 10 

6  X  10  for  the  1st  month  and  3  x  10  tor  the  next  11  months,  since 
the  drift  can  be  expected  to  improve  with  time.  A  typical  unit  has  a 
stabilized  drift  under  1  x  10  ^^/month. 

Both  TRFS  full  scale  engineering  models  were  aged  for  a  minimum 
of  7  days  and  both  units  had  a  drift  under  a  1.5  x  lO'^^week  as  shown 
in  Figures  7.6.1  and  7.6.2. 
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Fig.  7.6.1  TRFS  S/N  101  Aging  Data 
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8.  CONCLUSIONS 


All  objectives  of  the  Tactical  Rubidium  Frequency  Standard  develop¬ 
ment  program  have  been  met.  The  TRFS  design  work  is  complete  and  two 
full  scale  engineering  models  have  been  built,  tested  and  delivered  to  the 
USAF.  The  TRFS  design  is  now  fully  qualified  to  perform  its  intended 
function  as  a  highly  stable  time  and  frequency  source  for  demanding 
tactical  military  applications.  The  design  discussed  in  this  report 
advances  the  state-of-the-art  in  militarized  rubidium  standards  in  these 
important  areas; 

1.  Very  small  size. 

2.  Extremely  fast  warm-up  time. 

3.  Full  performance  at  elevated  ambient  temperatures. 

4.  Performance  under  vibration. 


